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Carbon dioxide reforming of methane is a catalytic reaction utilizing two kinds of 
greenhouse gases and converting them into a useful industrial gas stream, “syngas”. However, 
sulfur poisoning and coke formation are two major challenges for this reaction. In this study, we 
have synthesized and examined several Ce-La and Ce-Zr oxides, with different transition metal 
additives. A rapid screening technique was developed to measure reforming and coking rates at 
low partial pressures. It is a good indicator of catalyst behavior at higher conversions and partial 
pressures. Following the rapid screening, select catalysts were examined at longer times on 
stream. Those containing Ni and Co together were the most stable. Catalysts containing Ce-La 
oxides lacked practicality, partly due to more reverse water-gas shift. Catalysts containing Ce-Zr 
oxides fared better, with Ce/Zr = 3 (molar) showing the best stability for Ni-based catalysts.  
Reaction and deactivation results for Ni- and Ni/Co-containing catalysts could be explained 
partly in terms of DFT calculations, and partly in terms of spent catalyst characterizations. The 
Ni interacts strongly with the mixed oxides, even when it is in a mostly reduced state, as in Ce-
Zr.    
Ni-based catalysts were also examined for sulfur tolerance based on long-term reactor 
tests. Catalysts prepared on both Ce/Zr and Ce/La oxide supports, some without and some with 
additional Co metal, were tested under low and high conversion conditions. Long-term reaction 
runs were conducted both with and without sulfur added to the feed. The catalysts were also 
characterized by TEM, XPS, XAFS, and CO chemisorption. Only catalysts where Co is also 
present, and with the metals combined with a Ce-Zr oxide, are capable of extended sulfur 
tolerance at >20 ppm sulfur. This tolerance, and also a greatly reduced coking rate, is linked to 
x 
 
Co in contact with the Ni and existing in small aggregates where CH4 activation takes place, 
anchored and influenced electronically by the oxide support. Larger metal aggregates formed 
during reaction appear to be spectators. Measured activation energies for the dry reforming 
reaction support the hypothesis that CO2 activation takes place at the oxide interface and is a 




CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW 
1.1.  Carbon Dioxide Reforming of Methane 
Carbon dioxide reforming of methane (CH4 + CO2→2H2 + 2CO; abbreviated as DRM 
henceforth), also known as dry reforming of methane, is a process which can produce synthesis 
gas (mixtures of hydrogen and carbon monoxide) from carbon dioxide and methane. Compared 
with the steam reforming route, one of its advantages is the utilization of carbon dioxide, which 
is the most thermodynamically stable among all the greenhouse gases. The low ratio H2/CO2 
syngas obtained in DRM can be used in the Fisher-Tropsch process to produce diesel or be 
converted into methane and methanol via other catalytic processes.1, 2 In this way, two kinds of 
greenhouse gases are consumed and transformed into useful industrial materials.  
However, the high symmetry methane molecule is very stable.3 Also, the gas phase 
ionization energy of CO2 is about 13.8 eV,
4 which means the CO2 molecule is quite stable as 
well. In this case, high temperature and a catalyst are needed to overcome the DRM reaction 
energy barrier when methane is transformed or decomposed. The temperature range for DRM is 
usually 600-1000°C and many classes of catalysts have been studied, such as those containing 
noble metals and also most of the base transition metals from groups 7-11.DRM also has been 
studied over a wide GHSV range (2.9-230 L/gcat*h) at pressures of 1-10 atm. The CH4/CO2 feed 
ratio is usually 1, however, higher or lower ratios also have been studied. During tri-reforming, 
which involves CO2 reforming, steam reforming, and oxidation of methane, such heat can be 
provided by the combustion of some methane. 
Correlations between the thermodynamics of graphitic carbon deposition and operating 




suggesting that carbon formation during DRM (but with CO2/CH4 ratios far above unity) is 
unfavorable even at ~700°C. However, working at lower temperatures with CO2/CH4 ratios close 
to unity might be preferred from an industrial point of view.7 Rostrup-Nielsen et al.8 reported 
that the amount of carbon deposited on a noble metal catalyst is less than that of nickel at 500°C 
(by an order of magnitude) and 650°C (slightly). Therefore, the noble metal catalysts show 
higher selectivities than supported nickel.2 However, many researchers have also investigated 
DRM over Ni- and Co- supported catalysts due to the high costs and limited availability of the 
noble metals.9-14 Although supported Ni catalysts are inexpensive and can show high catalytic 
activity for DRM, carbon deposition on the Ni catalysts is a crucial problem that needs to be 
solved. 
Side reactions, CO disproportionation (the Boudouard reaction) and methane 
decomposition, occur during the reforming process and generate the carbon deposits.1, 2 CO 
disproportionation is exothermic, which means the equilibrium constant decreases as temperature 
increases. Conversely, CH4 decomposition is an endothermic process. The work of Reitmeier et 
al. shows that for any reaction mixture of H2, CO, H2O, CO2, and CH4 at thermodynamic 
equilibrium, the amount of graphitic carbon deposits decreases when reaction temperatures are 
higher.6 This indicates that carbon deposition is mainly attributed to CO disproportionation.1 The 
carbon formation will eventually deactivate the catalysts and block the reactor. One way to 
inhibit the carbon deposition might be to control the size of the ensembles of metal atoms on the 
surface, since carbon formation needs presumably larger ensembles compared with CH4 
reforming.2, 15, 16 Therefore, carbon formation is a structure sensitive reaction.17 Based on the 
carbon Auger Electron Spectroscopy results, there is no carbon deposited on Ni(111) at 250 and 
345°C and ~1.32×10-5 atm, however, for the Ni(100) and Ni(110), the reaction does take place. 
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In this case, Ni(111) surface is less active in the decomposition of CH4 to carbon than Ni(100) 
and Ni(110) surfaces.18 
In addition, carbon formation can also be inhibited by choosing the proper support or 
promoters. For instance, Wang et al. showed that La2O3 and CeO2 have positive effects on both 
catalytic activity and carbon suppression when present in Ni/γ-Al2O3.
19, 20 Laosiripojana et al. 
also showed that a CeO2-ZrO2 support suppresses carbon deposition in methane steam reforming 
at 650-900°C due to reactions with lattice oxygens at the surface; however, slightly deactivation 
due to sintering was found at high temperatures.21 
Another big challenge for DRM is the presence of sulfur compounds in natural gas and 
biogas. These compounds are usually in the form of mercaptans, hydrogen sulfide and 
tetrahydrothiophene.22 The sulfur can inhibit hydrocarbon reforming reactions on supported 
metal catalysts, especially Ni-based catalysts.23-25 It will bond to the active sites reaching an 
equilibrium surface coverage that may deactivate the catalyst completely. The same also occurs 
with alumina-supported Rh, normally thought to be more sulfur-resistant.26 The removal of H2S 
from natural gas by adsorption or absorption is called “sweetening”, however, the sweetening 
process is quite impractical for low sulfur levels at high temperature, and especially when sulfur 
is also present in the CO2 (e.g., CO2 from biogas).  
1.2.  Research on the Mechanism 
A kinetically significant and important step in DRM is the adsorption and dissociation of 
CH4.
27 The mechanism for dissociation of CH4 on a transition metal surface has been reported to 
be both direct and precursor mediated.1 The latter pathway means formation of an intermediate, 
like the CHx or a formyl group with the oxygen coming from the support or from the oxidant 
(such as CO2 in DRM).
27 Seets et al. found that the mechanism of  CH4 dissociation over Ir(110) 
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is related to temperature. At low temperature, the dissociation is dominated by a precursor-
mediated mechanism. When the temperature increases, it gradually shifts to a direct dissociative 
mechanism.28 Bitter et al. proposed that during DRM CH4 is activated on the more reduced metal 
while CO2 is activated on the support.
29 The CO2 is activated and reduced to CO, which reaction 
provides surface oxygen to oxidize surface carbons generated from CH4 decomposition. 
  It is wildly recognized that CO2 chemisorption and dissociation on the surface of 
transition metal is controlled by electron transfer to form an anionic CO2−
 precursor, and that the 
activation of CO2 is structure sensitive.
30, 31 Activation of CO2 can also occur on a support 
(except for inert materials like SiO2) or even at the metal-support interface.
13, 15, 29 IR 
spectroscopy of CO2 adsorption on the Pt-ZrO2 indicates that the formation of carbonates and 
CO can take place on the support, or possibly the interface between support and Pt.15 Van Keulen 
et al. noticed that conversion of CO2 was greater for Pt/ZrO2 than for Pt/Al2O3, for the same wt% 
of Pt. They suggested that CO2 activation could be explained as the results of the greater basicity 
of the ZrO2 support and the presence of more oxygen vacancies.
32 It has been reported that 
oxycarbonates were detected in DRM with both Ru and Ni catalysts supported on La2O3.
33 
However, oxycarbonates are seldom detected when using alumina-based catalysts.13 Mark et al. 
observed that Al2O3 does not activate CO2, over Ru/Al2O3, and the lack of surface CO2 will 
finally lead more coke formation.34 
   Various kinds of catalysts have been studied for DRM, in which case different 
mechanistic steps have been reported in the literature depending on the temperature and partial 
pressure range used.27 A dual-site Langmuir-Hinshelwood mechanism has been proposed for 
DRM on Co-Ni/Al2O3 and Ce-Co-Ni/Al2O3 catalysts:
12 
  CH4 + 2X1 ↔ CH3-X1 + H-X1                                                  (1) 
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CH3-X1 + X1 ↔ CHy-X1 + H-X1      1 ≤ y ≤ 3                           (2) 
⋮  
CH-X1 + X1 ↔ C-X1 + H-X1                                                       (3) 
CO2 + 2X2 ↔ CO-X2 + O-X2                                                    (4) 
C-X1 + O-X2 → CO-X2 + X1                                                         (5) 
2H-X1 ↔ H2 + 2X1                                                             (6) 
CO-X2 ↔ CO + X2                                                               (7) 
H-X1 + O-X2 → OH-X2 + X1                                                        (8) 
H-X1 + OH-X2 ↔ H2O + X1 + X2                                                   (9) 
where X1 and X2 are both metal sites – X1 more reducible and X2 more oxophilic - and it was 
concluded that Step (5) is a rate-limiting step on the basis of pulse reactor experiments. 
Experimental data also show that DRM over Fe-Ni catalysts may follow a similar Mars-van 
Krevelen mechanism at 750°C, meaning that CO2 oxidizes Fe to FeOx, CH4 is activated on Ni 
sites to form H2 and surface carbon, and then surface carbon is reoxidized by the lattice oxygen 
from FeOx, to CO.
11
 
The activation energies for DRM over different catalysts have been reported and in all 
cases, the energy for the initial activation of CH4 is 6.7-14 kJ/mol greater than the initial 
activation of CO2,
27 so methane activation could also be a rate-limiting step.
35
 Nandini et al. 
proposed a slightly different mechanism than steps (1)-(9) above, and hypothesized that CH4 
activation and CHxO* decomposition were likely rate-limiting steps over a Ni-K/CeO2-Al2O3 
catalyst because the apparent E of H2 formation is greater than that of CO.
10, 36, 37 Isotopic 
experiments with a Rh/Al2O3 catalyst showed that its rate-limiting step in DRM involves the 
6 
 
breakage of a C-H(D) bond with an isotope effect around 1.5.38 Since both the methane 
activation and CHxO* decomposition involve C-H bond breakage, either or both of them could 
be rate-limiting steps for Rh/Al2O3 catalyst as well. From these studies, we can conclude that 
different catalysts can result in different rate-limiting steps (either step (5) above or CH4 
activation or CHxO decomposition). 
1.3.  Electronic Structure of REOs and REO Mixtures 
 The answer to the question of how we can describe the chemical bond between a surface 
and a molecule is of crucial importance in understanding surface chemical reactivity and 
catalysis. Several common properties that can be easily measured or estimated (“descriptors”) 
can be used as surrogates for a complete description of the bonding. In this section, I discuss 
some common descriptors relevant to reforming catalysis.  
The d-band model39, 40,which describes the relationship between the valence states of an 
adsorbate and the s and d states of the transition metal surface, has been shown quite useful when 
it comes to rationalizing bond formation and trends in reactivity among transition metals.41 For a 
clean metal surface, the energy of the d-band can be changed by filling antibonding states 
relative to the Fermi level.41, 42 Due to the fact that the antibonding states are always higher in 
energy than the normally filled d states, the energy of the center of the d states relative to the 
Fermi level can be used to describe the bond strength.41 Nørskov et al. show that the barrier for 
the activation of methane can be linearly related to the DFT-calculated Ni surface d-band 
center.43 Liu et al. examined the d-band centers of a clean Ni surface and an ordered NiCo(111) 
alloy by DFT and related the differences to different rates of adsorption of CHX.
44 Ruban et al. 
calculated the shifts in d-band centers due to surface impurities (Ag atoms) and Ag overlayers 
relative to a clean Ni surface, which are -0.53 eV and -1.14 eV, respectively.45 In order to 
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identify a descriptor of catalytic activity for REOs and REO mixtures, recall that both the metal 
and oxygen centers contribute to the performance of the catalysts. A simple descriptor that 
includes both these two centers is the ligand-to-metal charge transfer (LMCT) excitation energy. 
In general, LMCT excitation energy is related to the band-gap energy, when it comes to metal 
oxides containing transition-metal centers in their highest oxidation states46 Therefore, the band-
gap energy is likely to be an activity descriptor for transition metal-doped REOs and REO 
mixtures. Khan et al. report that narrowing the band gap of CeO2 nanostructures by electron 
beam irradiation can enhance their visible light activity.47 The narrowing of the band gap might 
be due to the formation of some localized band gap states which arise from the structure of 
oxygen vacancy defects.47, 48 
A universal electronic structure model for lanthanide materials is available.49 This model 
is originally derived from experimental data on 4f and 5d energies of Ln ions as impurities in 
luminescent materials, however, it can be applied to stoichiometric Ln material as well. 
According to experimental data on Ln-doped materials, the variation over the Ln series (La, Ce, 
Pr,…, Lu) in energy difference between 4f and 5d state is not correlated to the type of Ln 
material and Ln valence state, and the variation in Ln 4f binding energy always shows a 
characteristic double-seated (two maxima, Gd3+ and Lu3+, two minima, Ce3+ and Tb3+) shape. 
However, the variation of 5d binding energies are quite different from 4f; the 5d binding energies 
are approximately constant. In this case, the energies of 4f ground state at the minima will be 
highest and result in the highest electrical conductivities. This model has been successfully 
validated by predicting basic material properties like semiconducting or metallic behavior, nature 
and magnitude of band gap energies and chemical stability49 for well-studied materials such as 
LnS, LnO, Ln2O3 and LnO2. 
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1.4.  Other Key Descriptors of Activity of REOs and REO Mixtures  
  After cerium dioxide was first used as an oxygen storage component in car converters 
by Ford Motor Company, it became a promising constituent in catalytic systems for a wide range 
of applications, such as fuel cells, photocatalysis, the water-gas shift reaction, thermochemical 
water splitting, some reactions of organic compounds (e.g., condensations) and reforming 
processes.50 The main reason CeO2 is a common catalyst or part of a catalyst is its oxygen 
storage capacity (OSC), which allows it to release and store oxygen under different conditions, 
over a wide range of temperatures.51 Yao and Yao52 first studied the transient (pulse) oxidation 
of CO by ceria at 300-500°C, and cited CeO2 as a suitable oxygen storage component for the 
three-way automotive catalyst. The OSC values of ceria strongly depend on the surface area, 
which can be determined by particle size, thermal or chemical pretreatment, and synthetic 
procedure.50 Normally, the OSC of ceria can be improved by incorporation of Zr,53-55 or other 
additives, such as Ni, Cu, Pt and Pd.51, 56 
 DFT can provide an explanation for the large OSC. Scanlon et al. report that the 
increased OSC of Pd- and Pt-doped CeO2 arises from a large displacement of the dopant ions 
from the normal Ce lattice sites.51 Pd(II) or Pt(II) moves by ~1.2 Å to adopt a square-planar 
coordination because of the crystal field effects. Therefore, one of three tri-coordinated oxygen 
atoms adjacent to the square planar structure becomes easier to remove, leading to increased 
OSC.51  
  Senftle et al. investigated methane activation on PdxCe1-xOδ, and demonstrated that the 
rapid C-H activation can be attributed to the doped Pd, a Pd4+ ↔ Pd2+ transition.57 Cen et al.58 
reported that Mn doping could also make the CeO2 (111) surface much more reducible (more O-
vacancies can be formed) based on DFT. Mn doping introduces a Mn 3d–O 2p gap state as an 
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electron donor and acceptor, which lowers the formation energy of the first and second O-
vacancies (Ev) by 2.54 eV and 0.68 eV, respectively, relative to Ev of a clean CeO2 (111) 
surface.58 Krcha et al. also calculated Ev’s for surfaces of pure and sulfided, La, Tb and Mn-
doped CeO2(111) with the model in Figure 1.1, in which Mn doping lowers Ev (first) by 1.66 
and Ev (second) by 1.58 eV relative to Ev (first) and Ev (second) of CeO2 (111). But La or 
Tb doping has little effect on Ev’s. The calculations indicate that while the Mn dopant still leads 
to the fact that hydrocarbon species prefer to bind to surface oxygen rather than sulfur atoms, 
there is some potential to bind to sulfur, meaning such catalysts could exhibit sulfur tolerance.59 
 
Figure 1.1. Top and side views of the p(2×2) unit cell expansion of sulfide M-doped 
CeO2(111).(a) Side view, and (b) top view. The X is the position of the subsurface oxygen 
vacancy (X denotes an oxygen vacancy in front of the labeled oxygen). Ce is displayed as tan, M 
as light blue, O as red and S as yellow. This figure was adapted from Krcha et al. 59 with 
permission. 
 
Base transition metal, noble metal and rare earth elements doped into ceria can lower 
Ev’s. Pd doping lowers the surface Ev of CeO2 by 2.4 eV (DFT calculation).
60 Ev can be 
lowered even further upon doping Zr into CeO2 with 50% Zr (Ce:Zr = 1:1) giving the lowest Ev 
(DFT calculation),61consistent with results that CexZr1-xO2 compositions of 0.5<x<0.8 give the 
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highest OSCs.62-65 Unlike isovalent nonreducible dopants (Zr4+), which affect Ev due to a size 
effect on the relaxation energy, trivalent cations (La3+) change Ev’s by creating O•− radicals 
that are easier to remove (DFT predictions).66 
   Another descriptor that can be used to describe the activity of REOs and REO mixture 
is the ionic radius of the RE dopant. Kim et al. point out that the energy barrier of the rate-
limiting step for CO oxidation with RE-doped CeO2 (111) can be correlated with the dopant 
ionic radius, in which case it can predict the entire reaction activity.67 Also, experimental results 
show that the activity of CO oxidation is as followed: CeO2> Pr-doped CeO2> Nd-doped CeO2> 
Sm-doped CeO2, which is consistent with the DFT calculation that there is a linear relationship 
between the ionic radius of the RE dopant and the activity represented by the energy barrier of 
the rate-limiting step.67 
   Surface reducibility might be treated as a descriptor for the activity of REOS and REO 
mixture as well. Kumar et al. investigated methane activation over a range of metal-oxide 
surfaces based on DFT calculation and reported that there is a linear relationship between 
activity, selectivity and surface reducibility for methane activation.68 
   When sulfur is present in a reforming feed, the ease of bulk sulfide formation of the 
catalyst (in the absence of other adsorbates) may be a suitable activity descriptor. Sulfur 
compounds, even at low concentration in the feed, can deactivate reforming catalysts.  
Sulfur poisoning leads to bulk sulfidation.69 For a zero-valent metal (Me), the process is 
(for the common sulfur poison H2S):
70 
Me + H2S → MeS + H2 
At high temperature, poisoning decreases because sulfidation is thermodynamically 
unfavored. But the Gibbs free energy of the sulfidation reaction of Ni is negative even at 1000°C. 
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Sulfur can also cause catalyst deactivation in other ways, such as electronically modifying 
neighbor atoms’ ability to adsorb or dissociate reactant molecules, or reconstructing the catalyst 
surface to an inactive state.70 
Sulfur, when adsorbed on large Ni crystallites (on Al2O3 or MgAl2O4), can inhibit 
bimolecular coking more than reforming if: (a) the S coverage is near-monolayer; (b) 
temperature is high (>800°C); (c) the pressure of CO is relatively low.71 In other words, the 
ensemble size of the reforming reaction with terraced Ni under these conditions is smaller than 
that of carbon nucleation from a hydrocarbon source. But this simple formulation seemingly fails 
for the more complex catalysts characteristic of modern reforming practice. A number of studies 
have suggested that certain oxide additives (WO3, Re, REOs) can provide some coking 
resistance in the presence of sulfur, though the mechanistic source of this enhancement is 
unclear.72-78 
On the other hand, Ni/Ca12Al14O33, which is active at 800°C for toluene reforming, with 
almost no carbon deposition,79 loses activity rapidly with 500 ppm H2S present. Air regeneration 
cannot recover the lost activity, suggesting it is due to more than just sulfur adsorption. 
Enhanced coking (observed indirectly through the H2 production rate) was also observed for Ni-
Mo/Al2O3 with 5 ppm H2S at 580°C,
80 and Ni/Sr/Al2O3 with 10 ppm organic sulfur at 800°C.
77 
Base metals in the reduced state undergo a modest increase in coking rate in the presence of H2S, 
e.g., Fe/Ni or Fe at ~827°C,81, 82 with the metals on the surface also being converted to a variety 
of sulfide phases.83 
  From this small data set, one might conclude that some additives to Ni-based catalysts 
(e.g., WO3, Re, rare earth oxides) may provide coking resistance in the presence of sulfur. But 
temperature, steam/carbon ratio and the partial pressure of the sulfur in the feed undoubtedly also 
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influence how adsorbed sulfur can affect coking rates. The potential positive effects on coking 
rate complicate any strategy to employ bulk sulfide formation thermodynamics as a reforming 





CHAPTER 2. RAPID SCREENING OF TERNARY RARE-EARTH – 
TRANSITION METAL CATALYSTS FOR DRY REFORMING OF 
METHANE AND CHARACTERIZATION OF FINAL STRUCTURES1 
2.1.  Introduction 
Carbon dioxide or “dry” reforming of methane (DRM) produces synthesis gas from 
carbon dioxide and methane:  CH4 + CO2→2H2 + 2CO.  Compared with methane steam 
reforming, dry reforming has the advantage of utilizing the CO2 greenhouse gas and producing a 
lower H2:CO ratio, which can be advantageous in increasing selectivity to longer chain, diesel-
range hydrocarbons in downstream Fisher Tropsch processes.1, 2, 84  In this way, two types of 
greenhouse gases are consumed and transformed into a useful industrial gas stream. 
DRM is a highly endothermic reaction, with an operating temperature range usually 
between 650-850°C, and with a wide GHSV range (2.9-230 L/(gcat•h)), and pressures of 1-10 
atm.  The CH4/CO2 feed ratio is usually one. Excess CH4 can lead to more carbon formation via 
methane decomposition and block the reactor.  A higher CO yield can be achieved by decreasing 
reaction. Catalysts include both supported noble metals, but also those based on group 7-11 base 
transition metals (TMs). However, Ni-based catalysts are considered the most promising 
candidates for further development due to their high activity, low cost and the abundance of the 
metal.9-14, 21, 85-89 A major problem for any of these catalysts is deactivation due to CO 
disproportionation and CH4 decomposition, and the sintering of metal particles at high 
temperature.1, 2, 90 One way proposed to inhibit carbon deposition is to reduce the dispersion of 
 
1 This chapter previously appeared as Jiang, C.; Akkullu, M. R.; Li, B.; Davila, J. C.; Janik, M. J.; Dooley, K. M., 
Rapid Screening of Ternary Rare-earth – Transition Metal Catalysts for Dry Reforming of Methane and 
Characterization of Final Structures. Journal of Catalysis 2019, 377, 332-342. It is reprinted by permission of 
Copyright (2019) Elsevier Inc. DFT work was completed by Li, B and Janik, M.J. at Pennsylvania State University. 
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metal atoms on the surface, because the ensembles necessary for carbon formation are 
presumably smaller than those needed for removal of hydrogen from CH4.
2, 15-17 But conversely 
it is also thought, based upon experience, that highly defective small metal crystallites make 
more stable DRM catalysts.14, 43, 86, 87, 91-95  Therefore carbon formation might also be inhibited by 
choosing the proper oxide or second-metal promoters to interact with Ni, but the many possible 
combinations of these can make testing laborious. 
Both La2O3 and CeO2 have positive effects on catalytic activity and carbon suppression 
when present in, for example, Ni/γ-Al2O3.
12, 19, 20, 86, 93 Oxygen vacancies in CeO2, ZrO2 and other 
oxides activate CO2 under DRM conditions,
32, 96-99 and facilitate oxidation of nascent coke.21, 86, 
93, 99-101  For CeO2-oxide mixtures, a high oxygen storage capacity (OSC) arises from high 
vacancy concentrations and persists over a wide temperature range.51, 102 The 3/1 Ce/La ratio is 
known to lead to even higher vacancy concentrations under reducing conditions. An alternative 
to 3/1 Ce/La with similarly high oxygen vacancy concentrations is the Ce/Zr system, especially 
in the 1/1 to 3/1 range.14, 62, 65, 103-106 Its OSC is also greater than pure ceria,53-55, 102 and Ce/Zr in 
this range suppresses carbon deposition in CH4 steam reforming and DRM.
14, 21, 94, 107   
Both La3+ and Zr4+ dopants improve the thermal stability of ceria and its ability to 
incorporate TMs through creation of more defects. They also enhance the dispersion of, for 
example, Ni in the CeO2, driving more Ni to the surface.
90, 107-109  Therefore in this work we have 
based our DRM catalysts on binary oxides containing CeO2 and either La2O3 or ZrO2, both of 
these with a series of TMs as active components. 
In order to shorten the testing timeline and detect coking over shorter periods, we have 
developed a rapid online method to measure reforming and coking rates simultaneously without 
chromatography. This method allows us to rapidly screen many ternary mixed oxide 
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compositions (Ce - La/Zr – late TM), and then decide which compositions merit further 
examination in a more conventional fixed-bed reactor system, where long-term deactivation can 
be assessed. Integrated experimental and computational efforts provide a mechanistic rationale 
for designing more stable, coke-tolerant catalysts. Density functional theory (DFT) methods 
were used to identify likely vacancy locations and concentrations, examine C-H and C-C bond 
activation over the Ce-La oxide surface, and assess the tendency of TMs to reduce and segregate 
to the surface. 
Further catalyst characterizations by XANES, XPS, CO chemisorption, BET surface area, 
Raman spectroscopy and XRD allow us to examine the modifications to the surfaces upon use in 
the longer term experiments.     
2.2.  Materials and Methods  
2.2.1. Preparation of Catalysts 
Ce/La mixed oxides were prepared by a templated sol-gel method adapted from previous 
work.54, 110-112 The precursors (NH4)2Ce(NO3)6 (98+%, Alfa) and La(NO3)•6H2O (99.9%, Alfa)  
were dissolved in 96% water/3% methanol/1% TMAOH  surfactant (25% in methanol). The 
molar ratio Ce/La was 3:1, with a 1/100 wt ratio of the oxides in the sol-gel synthesis mixture. 
Ammonia solution was added to gradually bring the pH to 10.3 during aging (90°C, 2 d).  After 
centrifugation and washings with deionized water and acetone, the mixed oxide was dried at 
120°C overnight and calcined at 500°C in air for 6 h. 
The Ce/La oxide was modified with Ni and/or Co by deposition–precipitation from 0.3 M 
urea for 24 h at 90°C. The precursors were Ni(NO3)2•6H2O (Aldrich, reagent) and/or 
Co(NO3)2•6H2O (J.T. Baker, reagent). Centrifugation, washing and drying were the same as 
above. These catalysts were typically reduced in 5% H2/N2 at 750°C for 6 h prior to use. 
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Mixed Ce/Zr oxides of molar ratios from 1:1 to 3:1 were prepared similarly to Ce3/La, 
except for the final pH (10.5).  The Zr source was Zr(NO3)4•H2O (Aldrich, 99%).  Mixed Fe/Ce, 
Co/Ce and Mn/Ce oxides were made similarly, but to final pH 10-10.2.  Ni and/or Co addition to 
Ce/Zr oxides was by deposition-precipitation as described above. These catalysts were typically 
reduced in 5% H2/N2 mixture at 750°C for 6 h prior to use. Other metals were added to Ce3/La 
or the Ce/Zr oxides as follows.  Fe (from 95% FeCl3, Fisher) or Mn (from 52% aqueous 
Mn(NO3)2, J.T. Baker) were impregnated onto the support using incipient wetness.  Pd (from 
PdCl2, Pressure Chemical) was deposited from a 15 mmol solution with pH adjusted to 10 using 
Na2CO3.  Ru (from RuCl3•H2O, Aldrich) was deposited from a solution containing a 5 molar 
excess of hydrazine hydrate.  Workup, drying and calcination were as described previously. 
2.2.2. Dry Reforming of Methane 
The rapid online coking / reforming rate measurement method at differential conditions 
made use of a modified DSC/TGA (TA SDT Q600). We made up a cylinder of 33 vol% 
CO2/balance N2, and adapted the DSC/TGA controllers to handle a 1:1 CO2/CH4 feed typical of 
DRM, at 0.25 atm partial pressure of each reactant, 133 mL/min total, 750°C. Initial adsorption 
effects ended in less than 1 h and the DSC heat flow came to a constant endothermic value that 
can be mathematically related to the rate of the reforming reaction. Any coking reaction 
occurring would result in a constant slope weight gain, which can be mathematically related to 
the rate of the coking.  Runs of 180 min were usually sufficient to measure both rates. 
Based on the DSC/TGA experiments, promising materials were tested for longer times in 
fixed-bed reactors.  In these experiments, the reactant partial pressures were higher (~0.65 atm of 
each species), and 250-500 mg catalyst typically used.  Further details are in the Appendix C.  
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2.2.3. Characterization of Catalysts   
 The BET surface areas of the dried (300°C) catalysts were measured by N2 adsorption (3 
points) using a Quantachrome AS-1 porosimeter.  CO chemisorption at 25°C was evaluated by 
the pulse technique using a Micromeritics 2700 apparatus. Elemental compositions of selected 
as-synthesized catalysts were determined by ICP-AES (Perkin Elmer Optima 8000).  Samples 
were initially dissolved in a 3:2 mixture of hydrochloric acid (36.5-38%) and nitric acid (68-
70%).  Temperature-programmed reductions (TPR) and oxidations (TPO) took place in the 
DSC/TGA.  For the reductions, the heat effect allows discrimination of a weight loss due to 
reduction (exothermic for the TM oxides) from one due to desorption (endothermic).  The 
reduction ramp rate in 25% H2/N2 was 5°C/min, to 800°C.  The oxidation ramp rate in air was 
10C/min to 650°C, with a 60 min final hold.    
 XRD measurements (40 mA, 45 kV) employed a PANalytical Empyrean diffractometer 
with Cu Kα radiation.  Spectra were recorded at 0.02° steps in the range 5°˂2θ˂125°.  Raman 
spectra were recorded on a Renishaw inVia Raman microscope using the 532 nm laser, 1/1800 
grating, at room temperature. The exposure time was 0.1 s with 100 accumulated spectra, which 
was found to minimize the fluorescence. 
X-ray photoelectron (XPS) spectra were collected on a Scienta Omicron ESCA 2SR with 
a 128-channel detector.  The C1s line (284.8 eV) was used to calibrate the binding energies.  
After Shirley background subtraction and with Gaussian-Lorentzian line-shapes applied, the 
spectra were deconvoluted using CasaXPS version 2.3.19. 
X-ray absorption near-edge spectroscopy (XANES) was performed at the LSU Center for 
Advanced Microstructures and Devices (CAMD) HEXAS beamline, using a Ge 220 double 
crystal monochromator. The Ni K edge spectra were collected at room temperature in 
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fluorescence mode with a Ni foil calibration standard. Data were processed (background 
subtraction, deglitching, merging of 9 spectra) using Athena 0.8.061..113  
2.2.4. Density Functional Theory Methods 
Electronic structure calculations were performed using the Vienna ab initio simulation 
program (VASP).114-116  A plane wave basis set was used to represent the valence electrons with 
a cutoff energy of 450 eV.  The core region was represented using the projector augmented wave 
(PAW) method.117  The valence configurations were 3d84s2 for Ni, 5s25p66s24f15d1 for Ce, 
4d25s2 for Zr, and 2s22p4 for O.   All calculations were spin polarized.  The exchange and 
correlation energies were represented using the Perdew, Burke and Ernzerhof (PBE) version of 
the generalized gradient approximation (GGA).118  The Monkhorst Pack k-point sampling 
scheme was utilized with a (2 x 2 x 2) grid for the bulk M32O64 structure, and a (3 x 3 x 1) grid 
for the M20O40 (111) model.  Structural optimizations were performed by minimizing the forces 
on all atoms below 0.05 eV•Å-1. 
Considering the well-established difficulties within DFT to accurately represent the 
nature of localized d and f states,119-121 we implemented the DFT+U approach which introduces 
the Hubbard U-term as an on-site Coulombic interaction term in the f states of cerium and d 
states of Ni.122, 123  This U correction results in greater electron localization in these states when 
CeO2 is reduced.  The oxygen vacancy formation energies are closely related to the value of U 
chosen for the f-states of CeO2 when Ce atoms are reduced.  We used a U-value of 5 eV on the f-
orbitals of cerium which is consistent with previous DFT studies of ceria.59, 124-131  The U-value 
of 5 eV provides an accurate description of the electronic structure of reduced ceria.  However, 
the empirical U value may introduce a possible error in all results which would be difficult to 
quantitatively estimate. We applied a U value of 5.3 eV on the d-states of Ni.132 No U correction 
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was used for Zr d-states, as Zr is not observed to change oxidation state upon oxygen vacancy 
formation in the ZrxCe1-xO2 structures. 
2.3.  Results  
2.3.1. TGA/DSC Screening Experiments  
The results of rapid screening experiments for DRM and coking rates are shown in Table 
2.1, with selected results for Ni-containing catalysts in Figure 2.1.  Catalysts are typically 
designated by their molar ratios.  These were the ratios of the syntheses, but several catalysts 
were also analyzed by ICP-AES and the ICP molar ratios were within 10% of the nominal values 
in all cases.  Analysis of the TGA/DSC results is as follows.  Catalysts with little to no 
adsorption (exothermic) heat effect and/or weight gain are inactive.  Catalysts with a significant, 
sustained exotherm and a large weight gain are coking rapidly.  Those showing an early (<10 
min) exotherm, but a later endotherm, and also showing initial weight gains followed by slow (or 
no) weight changes, are catalysts meriting further examination, because their reforming/coking 
rate ratios are high.  The slopes of the TGA curves were roughly constant after 1 h (Figure 2.1), 
suggesting a constant rate of coking that is included in Table 2.1. 
In Table 2.1, some of the coking rates are slightly negative, which suggests that some 
further oxide reduction might still be taking place, or that some material adsorbed at short times 
is slowly being desorbed due to changes in catalyst structure.  For some materials, it may take 
several hours to complete the mixing process for the late TM with the REO matrix.  For Ni-, Co-, 
Pd- and Ru-containing REOs, an initial reduction was found to be necessary in order to avoid a 
lengthy reduction during the rapid screening experiments that resulted in a lower rate of DRM at 
short times; this behavior was verified for a few materials by comparison experiments where 
they were treated with N2 only (Table C.1).  Reduction was unnecessary for Fe-, Mn- and non-
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TM-containing catalysts, or for the one Al2O3-supported (benchmark) catalyst tested.  Regardless 
of oxide mixing/reduction causing minor complications in interpreting the weight changes, we 
observed that any material exhibiting a negative weight gain in the first few hours won’t coke in 
a flow reactor system over longer times.  Coking is exothermic, reforming endothermic, so a 
negative or small positive heat flow (< 1 mw/mg) means there is no or almost no DRM reaction.   
 
Figure 2.1. TGA coking experiments. Catalysts are pretreated with 25% H2/N2 at 750°C for at 
least 6 h, then fed 1:1 CH4: CO2 (0.25 atm apiece).  For the catalysts using a commercial Ce-Zr-




























Table 2.1. Coking and reforming rates at >1 h calculated from DSC/TGA results.  Samples 
pretreated with 25% H2/N2 at 750°C for at least 6 h, then fed 1:1 CH4:CO2 (0.25 atm each), 
except where noted. 




at >1 h 





Ni2/Ca/Mg2/Al1,2 11.5 2.0E-3 4.9 0.16 
CZA-401,3 1.8 -1.1E-4 0.56 0.024 
Ni5/CZA-403 (5 wt% Ni) 21.1 2.4E-5 4.5 0.29 
Ni20/CZA-403  
(20 wt% Ni) 
21.6 7.9E-2 5.8 0.30 
CeO2
1 1.6 -1.6E-4 0.66 0.023 
Fe/Ce31 0.50 1.0E-7 0.14 0.067 
Co/Ce5 6.7 6.4E-3 2.7 0.092 
Co/Ce9 2.4 2.0E-3 0.97 0.033 
Pd/Ce9 3.9 3.3E-2 1.6 0.054 
Ce3/La1 0.094 4.7E-5 0.035 0.001 
Fe0.4/Ce3/La1 1.2 -2.6E-4 0.53 0.017 
Fe/Ce3/La1 0.71 9.9E-4 0.59 0.010 
Pd0.4/Ce3/La 5.7 0.36 2.7 0.079 
Ru0.2/Ce3/La 7.3 5.1E-4 4.0 0.10 
Mn0.4/Ce3/La1 1.8 4.7E-5 0.56 0.024 
Mn1.1/Ce3/La1 1.9 -2.3E-4 0.69 0.025 
Ni0.3/Ce3/La 10.7 -5.7E-4 4.1 0.15 
Ni0.6/Ce3/La 7.9 -5.7E-4 3.6 0.11 
Ni0.3/Co0.3/Ce3/La 9.5 -2.3E-4 3.9 0.13 
Ru0.1/Ce/Zr 7.8 4.3E-4 3.9 0.11 
Mn0.2/Ce/Zr1 0.88 -2.8E-4 0.031 0.012 
Mn0.4/Ce/Zr1 4.6 5.9E-5 2.5 0.064 
Ni0.1/Ce 6.7 8.2E-5 3.2 0.12 
Ni0.12/Ce/Zr 9.1 2.7E-4 3.9 0.13 
Ni0.2/Co0.2/Ce/Zr 11.9 -7.0E-5 3.7 0.16 
Ni0.24/Co0.24/Ce/Zr 7.7 4.0E-5 3.2 0.11 
Ni0.15/Ce2/Zr 9.1 8.0E-4 3.4 0.13 
Ni0.3/Ce2/Zr 12.9 2.1E-2 5.6 0.18 
Ni0.15/Co0.15/Ce2/Zr 8.5 -3.5E-5 3.6 0.12 
Ce3/Zr1 2.4 -2.1E-6 0.68 0.032 
Co0.3/Ce3/Zr 7.0 2.3E-4 2.8 0.096 









at >1 h 





Ru0.2/Ce3/Zr 7.0 2.8E-3 4.3 0.096 
Mn0.82/Ce3/Zr1 0.76 2.0E-4 0.58 0.010 
Ni0.5/Ce3/Zr 9.2 5.5E-4 4.2 0.13 
Ni0.2/Co0.2/Ce3/Zr 9.6 1.1E-4 3.5 0.13 
Ni0.3/Co0.3/Ce3/Zr 9.8 1.4E-3 3.7 0.14 
 
1Not reduced prior to experiment 
240 wt% Al2O3.  The other numbers are molar ratios. 
3A commercial (PIDC) CeO2/ZrO2/La2O3/Y2O3/Al2O3 3-way catalyst support, 60 wt% Al2O3 
 
 
 Taking the DSC data at the endothermic plateau, we can estimate the fractional 
conversion of CH4 and its rate of DRM.  The following approximation was made: reforming 
reaction >> (sum of coking and reverse water-gas shift reactions).  The fraction conversion 
equation is: 
Calculated heat flow = ∆𝐻𝑅 × 𝐹𝑖𝑛,𝐶𝐻4 × 𝑋𝐶𝐻4 
where ΔHR is the enthalpy change for DRM, and Fin,CH4 is the molar flow rate of the inlet CH4. 
Calculations for XCH4 and all thermodynamic calculations were performed in ASPEN-HYSYS
®. 
The endothermic heat effect for DRM at 660-800°C is estimated as 7.2-7.5 times that of reverse 
water-gas shift (also endothermic), further justifying the approximations. Since the conversions 
are small, the differential approximation applies and the initial reforming rate (r) can be 
calculated as follows: 
𝑟 =
𝐹𝑖𝑛,𝐶𝐻4 × 𝑋𝐶𝐻4 
𝑤𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 
        In Table 2.1, Ni2/Ca/Mg2/Al (a commercial high-temperature reforming catalyst 
formulation) is used as a benchmark.  The reforming rates of the better REO-based catalysts are 
roughly equivalent on a weight basis, while the coking rates are typically smaller, often by more 
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than one order of magnitude.  An optimal commercial REO support, such as CZA-40, loaded 
with Ni, gives a significantly higher reforming rate than that of the benchmark.  Excessive Ni 
loading (e.g., Ni20/CZA-40) results in a catalyst with islands of Ni on the surface (it chemisorbs 
CO at RT), leading to rapid coking.  Pd in CeO2 or CeO2/La2O3 are also rapidly coking catalysts, 
regardless of Pd composition. 
Over a wide range of REO supports, the data in Table 2.1 shows an order of dopant metal 
activity of: 
Ni > Ru > Co > Pd >> Mn > Fe 
The position of Pd is somewhat indeterminate because its coking rates are high.  Because 
the coking rates for some Ni-containing catalysts are low, while those for Ru-REOs are generally 
higher, we continued with mainly Ni and Ni-Co catalysts for analysis using fixed-bed reactors. 
2.3.2. DRM in Fixed-bed Reactors  
Promising catalysts based on the results of the DSC/TGA experiments were also tested in 
a conventional fixed bed reactor with 1:1 CH4:CO2 feed.  The differences between these 
experiments are as follows.  In the DSC/TGA experiments, the partial pressures and conversions 
are low, so the catalysts see mostly CH4, CO2 and N2. The GHSVs are too high to give 
conversions above a few percent.  However, for the fixed-bed experiments, the reactant partial 
pressures are ~0.65 atm each for CH4 and CO2, and the conversion can be >40% for active 
catalysts.  The catalysts are exposed to more CO, H2 and water, over a several (1-10) day period, 
depending on the catalyst.  Finally, the fixed-bed experiments provided enough sample to do 
structural characterization of the spent catalysts. 
Three equations are employed to represent the main reactions (DRM, water-gas shift, and 
coking) as follows, in closing a mass balance: 
24 
 
CO2 + CH4 ↔ 2H2 + 2CO         ξ1 
CO2 + H2 ↔ CO + H2O             ξ2 
H2O + C ↔ H2 + CO                 ξ3 
The ξ’s are the molar extents of reactions for these three reactions in mol/min, and they 
were calculated by solving the component mass balances simultaneously, using both the 
compositions and the effluent flow rate. The terms Fin,CH4 and Fin,CO2 are molar flowrates of feed 
components in mol/min.  The yields of the products on an elemental carbon basis and the 
conversion of CH4 and CO2 are calculated as follows: 
Y(CO) =
2ξ1 + ξ2 + ξ3














The catalyst activities in these high conversion experiments are reported as CH4 
conversion times GHSV (which equals the reforming reaction rate for a zero-order reaction, and 
approximates the average reforming rate otherwise).  For the non-Ni-series, these activities are 
given in Figure 2.2(along with the benchmark catalyst), for the Ni-REO series in Figure 2.3, with 
the H2/CO ratios of the latter in Figure 2.4.  In agreement with the results of Table 2.1, the 
activities of Fe, Mn and non-TM-containing catalysts are low compared with both the 
Ni2/Ca/Mg2/Al benchmark and the Ni-REO catalysts.  For Pd-REO catalysts, the DRM reactor 
experiments also agree with the coking seen in the DSC/TGA results.  In the flow reactor, 
Pd0.3/Ce2/Zr lost most of its activity within 3 h.  The other Pd catalyst tested (Pd/Ce9) had a 
much lower Pd content but still deactivated.  As shown in Figure 2.5, the coking rates measured 
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by TGA are not a reliable guide to how much the catalysts deactivate at higher pressures and 
over longer times (except for the Pd-based catalysts, one of which is not even shown in Figure 
2.5 because it deactivated in <12 h).  The BET surface areas of Ni-based catalysts decreased by 
roughly 50-90% during these runs (Table C.2), but surprisingly the activities are not much 
affected and in some cases actually increase with time on stream.  Some details of longer-term 
runs are given in Figure C.1; the Ni0.2/Co0.2/Ce/Zr catalysts was kept online another six days 
without further loss of activity 
 
Figure 2.2. Catalyst activities at 750°C, 1.3 atm, minimum 12 h time onstream except for Pd-


























Figure 2.3. Catalyst activities at 750°C, 1.3 atm, minimum 12 h time onstream.  
 
 

























▪ Reduced 750°C, 5% H2, 6 h.
▪ Oxidized at 800°C, 12 h











▪ Reduced 750°C, 5% H2, 6 h.
▪ Oxidized at 800°C, 12 h




Figure 2.5. Comparison of coking rate from DSC/TGA experiments and % loss of DRM activity 
in a fixed bed reactor. A constant factor of 3E-4 was added to the Y-values to enable plotting on 
a log scale.  
 
The catalyst Ni0.3/Co0.3/Ce3/La in Figure 2.2 and Figure C.1 showed little initial 
activity, but after ~3-4 h time onstream the activity increased.  This led to a further exploration 
of pretreatments.  We found that for Ni-containing catalysts an oxidation in air at 800°C (after 
the initial reduction) shortened the induction period and led to increased activities and H2/CO 
ratios even at longer times onstream.  Examples are shown in Figure 2.3, Figure 2.4 and Figure 
C.1.  The changes in structure caused by this pre-oxidation must be significant and long-lived, as 
a second reduction following the oxidation reduced the activity, but only slightly. 
There are no apparent benefits to either activity or CO:H2 ratio of alloying or mixing Ni 
with Co (Figure 2.3 and Figure 2.4).  As seen in Table 2.1, Co is less active as a TM additive 
metal in REOs than is Ni, and from Figure 2.3 it is evident that roughly the same amount of Ni 
with no Co (e.g., in Ni0.5/Ce3/Zr or Ni0.3/Ce2/Zr) leads to a more active catalyst.  However, the 




























the (typically) 24 h long runs shown in Figure 2.2-Figure 2.5 and Figure C.1 were not long 
enough for any Ni-based catalyst to completely deactivate, the Ni-REOs experienced a pressure 
increase over this time period (due to whisker carbon formation in the reactor) and slight 
deactivation (Figure C.1), while Ni-Co-REOs did not.  In summary, the Ni-Co-REO catalysts are 
clearly more stable, but their stability is not tied mainly to coking rates, as Figure 2.5 shows. 
2.3.3. Ni-Containing Catalyst Characterization 
2.3.3.1. X-ray Diffraction 
XRDs of catalysts before/after DRM were done to highlight gross changes in phase 
behavior and morphology arising from long-term use.  Figure 2.6 shows diffractograms of three 
spent catalysts. The supports after 500ºC calcination (not shown) were poorly crystallized with 
peaks characteristic of only Ce/La or Ce/Zr mixtures with distorted fluorite structures.  But for 
both Ni0.2/Co0.2/Ce/Zr and Ni0.3/Co.0.3/Ce3/La there is evidence of phase separation of both 
the CeO2-La2O3 and CeO2-ZrO2 mixtures. For La2O3 this is in line with past studies showing 
surface segregation upon prolonged high temperature treatments.133, 134  For CeO2-ZrO2, phase 
separation is less detectable at 2:1 Ce:Zr (Figure 2.6) and not observed at all in 3:1 Ce:Zr (Figure 
2.7), both with Ni.  There is, however, phase separation in 3:1 Ce:Zr with Pd (not shown).  
Scherrer calculations show that the particle size of the primary Ce-Zr fluorite phase remains <20 
nm (only ~7 nm for 3:1 Ce:Zr) following reaction, when Ni is present.  For Ce-La or for Pd-




Figure 2.6. XRDs of spent catalysts. Filled squares mark peaks of fcc Ni (Co) metal, filled 
crosses ZrO2 (tetragonal or monoclinic), and filled triangles La2O3.  All other peaks are 
characteristic of CeO2/ZrO2 or CeO2/La2O3 with the distorted fluorite structure.  
 
The XRDs of the spent catalysts showed small peaks characteristic of metallic Ni or Co 
(fcc) at 44.4, 51.7 and 76.4 degrees 2.  The XRDs of both Ni and Co fcc metals are similar. 
Quantitative XRD examination of 3 and 1 wt% Ni physical mixtures with CeO2-ZrO2 suggests 
that the metallic Ni and/or Co formed here could be as much as 40% of the total Ni-Co present in 
the spent catalysts, although overlap with other peaks such as carbon (~44.5°) contributes to 
overestimation.  Nonetheless, it is evident that some of the late TM, initially mixed into the REO 
oxide, has egressed from the fluorite phase during the final reduction and DRM.  The 40% 
calculation is based only on catalysts where little carbon was formed (e.g., Ni0.2/Co0.2/Ce/Zr), 
by taking the area ratio of the peak at 44.7° to those of the three largest Ce-Zr or Ce-La peaks.  
 















Figure 2.7. XRDs of Ce3/Zr-based catalysts. Filled squares mark peaks of fcc Ni metal, filled 
crosses metallic Pd, open triangles carbon.  All other peaks are for the Ce/Zr oxide distorted 
fluorite phase (Ni0.5/Ce3/Zr) or for this phase plus some monoclinic ZrO2 (Pd0.3/Ce3/Zr).  
 
While carbon is clearly present in the spent Ni0.5/Ce3/Zr at 26.1, 42.5 and 44.5 degrees 
2 (Figure 2.7), and several other spent catalysts, it is mostly absent in the Ni-Co REOs. Spent 
Pd0.3/Ce3/Zr showed evidence of even more carbon, and a prominent metallic (Pd) phase. 
We used CO adsorption at 25°C to measure the dispersion of any metallic phase present.  
However, little to no CO adsorption was observed for any of the Ni-REOs used here, with the 
exception of Ni20/CZA-40 (contains 20 wt% Ni).  Computed metallic dispersions of these spent 
Ni- and Pd-containing catalysts were <1% on a total metal basis.  The Ce-La and Ce-Zr supports 
themselves also cannot adsorb CO at this temperature.  These results parallel H2 chemisorption 
results for Ni-CeO2-Al2O3 catalysts,
36 and other dispersion method measurements on Ni-CeO2-
ZrO2.
94, 135 
We highlight that the fixed bed reactor testing demonstrates that:  (a) the pre-oxidized Ni-
Ce-Zr oxide catalysts are more active and already at maximum activity at the start of a run; (b) 
















all of the Ni-REO and Ni-Co-REO catalysts rapidly attain maximum activity, which can be 
maintained over several days.  Figure C.2 and Figure C.3 show that for two typical spent 
catalysts, Ni0.3/Co0.3/Ce3/La and Ni0.24/Co0.24/Ce/Zr, the pre-oxidation essentially eliminates 
the peaks characteristic of metallic Ni and Co, although they return after several days usage as 
DRM catalysts.  
2.3.3.2. Raman Spectroscopy 
 Raman can be used to explore the nature of oxygen vacancies present in both the support 
mixed oxides and the TM-containing catalysts. The key feature of the Raman spectra (Figure 
2.8) of Ce3/La and Ce3/Zr catalysts is the Ce-O F2g band, at 464 cm
-1 for pure CeO2. For Ce3/Zr 
this band does not shift, but for Ce3/La it red shifts to 445 cm-1. This in in agreement with past 
studies.136-139 However, for Ni0.5/Ce3/Zr this band red shifts to 455 cm-1.  The decreased 
intensities and increased band broadening for the Ni- and Ni-Co doped catalysts follow from the 
knowledge that the F2g band decreases and broadens upon doping of the fluorite lattice with 
metal atoms, due to increased disorder.109, 140-143  The red shift for both fresh and spent 
Ni0.5/Ce3/Zr confirms that there is still Ni located within the CeO2/ZrO2 structure for the spent 
catalyst.  Metal doping increases the asymmetry of the band on the lower frequency side, as also 




Figure 2.8. Raman spectra of (a) Ni-REO and (b) Ni-Co-REO catalysts   
 
Band width is tied to grain size, larger crystals leading to more intense, narrower 
bands.137, 140, 144, 145  For Ni0.3/Co0.3/Ce3/La, both high temperature oxidation and extended use 
in DRM should increase grain size, and the intensities in Figure 2.8b follow the expected trend.  
But for Ni0.5/Ce3/Zr the exact opposite is found, with intensities decreasing upon use, 
suggesting little crystal ripening, but further metal dissolution in the REO matrix.  This is in 
partial agreement with the Scherrer calculation for the grain size of the Ce-Zr phase in the spent 
catalyst (only ~7 nm).  Therefore, in the presence of the TMs, Ce3/La and Ce3/Zr behave quite 
differently. 
The band at 580-590 cm-1 in Ce3/La (LO phonon mode) is associated with oxygen 
vacancy formation and lattice disorder, both intrinsic and by mixing with La;136 in Ce3/Zr the 
similar band appears at ~620 cm-1.138, 146  For Ni/CeO2, the band is at ~615 cm
-1.  The band at 
1180-1190 cm-1 is for a similar LO phonon mode.  There are no bands characteristic of either 
Ni(0) or NiO.  The primary Ni-O bands (not observed) would be at 1490-1550, 1090-1100, and 
700-730 cm-1.147, 148  Again, the evidence points to more carbon associated with spent Ni-REO 



































than Ni-Co REO; both the D-band (1350 cm-1) and the G-band (1580 cm-1) of graphite are 
present in spent Ni0.5/Ce3/Zr. 
2.3.3.3. XPS 
XPS was used to explore the oxidation states of Ce in both fresh and spent samples.  The 
Ce 3d core level spectrum shows multiple bands in the range of 880-920 eV due to O 2p valence 
band - Ce 4f hybridization.149  The Ce 3d spectrum can be deconvoluted into ten bands.  Five of 
them are assigned to 3d5/2 features, v0 (881.2 eV), v (883), v′ (886), v″ (889.2), and v‴ (898.5).  
The rest are assigned to 3d3/2, denoted u0 (899.7 eV), u (901.6), u′ (904), u″ (908) and u‴ 
(917.4).138, 149-152  The spectra and their deconvolution are shown in Figure 2.9, Figure C.4 and 





where Ce3+= v0+ v′+ u0+ u′ and Ce4+= v+ v″+ v‴+ u+ u″+ u‴. 153 
In Figure 2.9, the intensity of the band at ~917.4 eV (Ce4+) decreases and the intensities 
at 886 and 904 eV (Ce3+) remain intense in the spent compared to the fresh sample, phenomena 
also observed elsewhere.150, 154  The Ce3+ surface concentrations of fresh and spent 
Ni0.2/Co0.2/Ce/Zr were computed as 32% and 40%, respectively.  Since the Ce3+ content is 
directly related to the surface oxygen storage capacity and oxygen vacancies, a higher Ce3+ 
concentration suggests better coking resistance, as exhibited by the Ni-Co-REO catalysts.  In 
Figure C.4 and Figure C.5, the Ce3+% in spent Ni0.15/Ce2/Zr and spent Ni0.24/Co0.24/Ce/Zr are 
25% and 62%, respectively.  An effect of Co is therefore to further promote the reduction of 
Ce4+, as has also been observed in Co-CeO2.
154  These Ce3+ numbers connote trends only, 
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because it is generally agreed that irradiation at high vacuum causes additional Ce4+ reduction, 
although the full extent is unknown.155 
 
Figure 2.9. Ce3d XPS of Ni0.2/Co0.2/Ce/Zr 
 
Figure C.6 shows the Ni 2p3/2 spectra of some fresh (unoxidized, unreacted) and spent 
catalysts.  The primary band for all the spent samples is at 856-857 eV, attributed to Ni2+ species 
that are in a different coordination environment than Ni atoms in NiO (~853.7eV).102, 107, 109, 154  
Several Ni+2 salts with highly distorted octahedral environments give similar binding energies.  
Ni0 bands (not observed) are normally at ~852.6 eV.147, 156  A broad band can sometimes be 
observed in fresh samples at ~863 eV, assigned as a combination of the shake-up satellite and the 
main peaks of Ni2+ (NiO) and Ni3+ (Ni2O3).
157  However, this band is also absent in the spent 
















catalysts. For the fresh samples the Ni 2p3/2 band is at slightly lower binding energy, suggesting 
the presence of some Ni0.  In one case (Ni0.5/Ce3/Zr) a second contribution was obvious, and 
deconvolution suggested roughly 27% of the Ni was likely Ni0. 
Surface composition ratios determined by XPS are given in Table 2.2, along with the 
bulk composition ratios used in the catalyst syntheses.  Compared with fresh catalyst, the Ni 
concentration at the surface decreased somewhat during the reaction, more so for the catalysts 
without Co. 







(mg C/mg cat) 
Ni0.2/Co0.2/Ce/Zr 
Fresh 15 25  
Spent 15 16 0.099 
Ni0.24/Co0.24/Ce/Zr Spent 19 11 0.16 
Ni0.15/Ce2/Zr Spent 7.1 19 0.068 
Ni0.5/Ce3/Zr 
Fresh 14 80  
Spent 14 13 0.34 
Ni0.3/Co0.3/Ce3/Zr 
Fresh 10 23  
Spent 10 15 0.026 
 
2.3.3.4. XANES and TPR 
Given the poor quality of the spent 2p3/2 Ni XPS, XANES was also used to explore the 
oxidation states of Ni in both fresh and spent samples.  The Ni K-edge data for spent catalysts 
are shown in Figure 2.10.  Again, Ce3/La and Ce/Zr catalysts behave quite differently.  The 
Ni0.3/Co0.3/Ce3/La catalyst showed little to no evidence of reduced Ni.  This catalyst was not 
pre-oxidized; the Ni remained in the same state throughout DRM.  On the other hand, all of the 
Ce/Zr mixed oxide catalysts underwent significant reduction during reaction, according to 
XANES.  While the spectra show some differences from Ni foil consistent with the presence of 
oxidized Ni (in particular the increased intensity at ~8347 eV),95 it is evident that the bulk of the 
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Ni is in a reduced state.  The white line position of NiO (8345 eV) is quite close to a derivative 
peak of Ni foil after its white line position.  Therefore linear combination fitting of unknown 
spectra is unlikely to lead to exact numerical results.  We did the procedure anyway, to spot 
trends, and determined that for Ni0.3/Co0.3/Ce3/La linear combination fitting suggests 95% Ni+2 
by XANES, while for all the others there is on average 7%.      
 
Figure 2.10. Ni K-edge XANES of spent catalysts 
 
The reduction propensity of the catalysts was further examined by TPR.  Figure 2.11 
shows the H2 reduction of representative Ni- and Ni/Co-containing catalysts.  The fresh Ni-
containing catalysts show a large reduction peak centered at 247°C for Ni0.3/Ce2/Zr and 264°C 
for Ni0.15/Ce2/Zr, with a second smaller peak for both centered at ~390°C.  The even smaller 
peaks at >550°C represent further reduction of bulk CeO2, often promoted by the TMs.
14, 135, 147, 
158-161  































Figure 2.11. TPR (25% H2/N2, 5°C/min) of unreduced catalysts. The derivative weight of the 
catalyst is plotted on the y-axis.  
 
The lower temperature peak is variously attributed to facile reduction of the surface 
oxygens of NiO, and of reduction of oxygens creating vacancies in the mixed oxide.14, 147, 159, 162-
164  It makes sense that for the catalyst with less Ni this peak would appear at higher temperature, 
as a higher percentage of the Ni would be dispersed (soluble) within the REOs.  The higher 
temperature peak is usually attributed to NiO domains interacting with CeZrOx.  For the catalyst 
with less Ni, this peak is again larger, reflecting better dispersion in the oxide, because the 
maximum of the reduction peak for bulk NiO is ~420-447°C,109, 135, 161 which is higher than any 
of the maxima observed here.  These results suggest strong interaction with the REO, in 
agreement with the XRD, Raman, chemisorption and XPS data. 
For the Ni/Co catalysts, the reduction peaks are at higher temperature, the only exception 
being the first peak for Ni0.24/Co0.24/Ce/Zr at ~220°C, suggesting imperfect alloying of Co and 






















Ni for this catalyst initially, because Co on CeO2 or CeO2/ZrO2 in low loadings is reduced at this 
temperature.158, 165  Alloy Ni-Co reductions are characterized by peaks with maxima between 
360-500°C,166 different peaks representing different aggregate sizes.  This behavior was 
observed, with at least two distinct higher temperature reduction peaks for all the Ni/Co 
catalysts.  The lower temperature peak arises from the smaller aggregates interacting strongly 
with CeO2.
147, 158, 163  The most important result is that a higher average oxidation state for Ni can 
be maintained in alloy materials; less total reduction is observed, taking place at higher 
temperatures.  Also, there is clearly less reduction for the Ce3/La-supported catalyst, in 
agreement with the XANES results. 
2.3.4. Density Functional Theory Calculations  
DFT calculations were first used to investigate oxygen vacancy formation and 
distribution in La-doped ceria.  Detailed results are presented in the Appendix C (Figure C.7- 
Figure C.12 and Table C.3-Table C.5), and we summarize the main findings here. For  
CexLa1-xO2x bulk and surface models, we find that the reaction energy to remove a lattice O as ½ 
O2 is negative when two La atoms are included.  This is expected, allowing La to take on the 3+ 
formal oxidation state, and we refer to these oxygen vacancies as “stoichiometric vacancies.”  
Using either bulk La2Ce30O63
 or La8Ce24O60 periodic models, we find a significant preference for 
these stoichiometric O vacancies to occupy next-nearest neighbor positions to La atoms.  Rather 
than removing O atoms directly adjacent to La atoms, the preference for next-nearest neighbor 
vacancies, along with no observed preference for multiple La dopants or vacancies to cluster, 
suggests facile mixing of La and Ce in the fluorite structure.  The formation of a second O 
vacancy to form the La2Ce2O6 structure has a reaction energy of 2.76 eV, whereas vacancy 
formation to form Ce4O7 has a reaction energy of 3.77 eV.  Vacancy formation that reduces both 
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a La and a Ce atom to form LaCe3O7 has a formation energy of 1.53 eV, suggesting isolated La 
atoms not present in pairs can greatly promote Ce3+ formation.  Using a La2Ce18O39 model of the 
(111) surface, we find that La atoms prefer to surface segregate, with at least one of the La atoms 
in the surface layer.  The most stable arrangement occurs with the O vacancy in the first 
subsurface layer.  Beyond the stoichiometric O vacancy, we find La doping promotes further O 
vacancy formation.   
We also used DFT to examine the DRM mechanism over a Ni-doped CeO2 surface.  The 
model used was a 2x2 CeO2 (111) surface, with one of the surface Ce atoms substituted by Ni.  
An adjacent O atom was also removed, as we found vacancy formation to be exothermic 
allowing Ni to form a stable 2+ oxidation state.  This model is used with the hypothesis that Ni 
atoms are well dispersed and mixed (“doped”) into the ceria in order to facilitate DRM.  Despite 
the presence of a coordinatively unsaturated Ni site, all CHx adsorbates bind to surface O atoms, 
with adsorbed CH* and C* binding both to O and Ni (Figure C.13).  The elementary steps 
involved in methane dehydrogenation to form a surface adsorbed C* atom and 4 H* atoms are all 
exothermic, suggesting methane conversion is viable on the Ni-doped ceria surface (Figure 
C.14).  As all CHx (x=0, 1, 2, 3) species bind to surface O atoms, it is unlikely for the doped Ni 
to form carbonaceous species on the mixed oxide surface, which is in agreement with our 
reaction results at both lower and higher reactant partial pressures.    
2.4.  Discussion 
2.4.1. Nature and Importance of Oxygen Vacancies, Ce/Zr versus Ce/La 
The addition of La or Zr to the CeO2 lattice increases the concentration of vacancies, as 
predicted by the DFT results and confirmed by XPS and Raman.  This clearly impacts DRM 
performance favorably, although in the case of many catalysts with TM additives, reverse water-
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gas shift (RWGS) rates are also increased.  Among the REOs, La2O3 doped into CeO2 results in 
the most oxygen vacancies,136 either “stoichiometric” or due to isolated La-atoms affecting 
surrounding Ce.  Unlike isovalent nonreducible dopants (Zr4+), which affect Ev (vacancy 
formation energy) due to a size effect on the relaxation energy, trivalent cations (La3+) change 
Ev’s by creating O•− radicals that are easier to remove (per DFT predictions).
66  As shown 
above, “stoichiometric” vacancies are easily formed with La addition, and Zr is equally effective 
in promoting formation of vacancies that reduce Ce to the 3+ state and can participate in redox 
cycling.124  DFT simulation of the Ce:La = 30:2 supercell confirms an energetic preference for 
next-nearest neighbor (to La) vacancy sitings.  Even for the Ce:La = 24:8 supercell (same as the 
3:1 composition used here), the vacancies do not prefer to cluster next to La3+. 
The Ev values for Ce2/Zr and Ce/Zr are slightly less than Ce3/Zr,
61 and so all of these 
compositions might be expected to show similar DRM activity to Ce3/La (where lower molar 
ratios cannot be monophasic under any conditions), with the same TM to activate the CH4.  This 
optimal Ce:Zr range (1-3) from the DFT studies is consistent with experimental results showing 
that CexZr1-xO2 compositions of 0.5<x<0.8 give the highest OSCs.
62-65   
2.4.2. Comparative Reaction Behavior, DRM, RWGS, Coking 
DRM rates at low conversion are similar for the same metals, for example, in Table 2.1 
compare Ru0.2/Ce3/La to Ru0.1/Ce/Zr, or Mn0.4/Ce3/La to Mn0.2/Ce/Zr, or Pd0.4/Ce3/La to 
Pd0.27/Ce3/Zr, or Ni0.3/Ce3/La and Ni0.6/Ce3/La to Ni0.12/Ce/Zr, Ni0.15/Ce2/Zr, 
Ni0.3/Ce2/Zr, and Ni0.5/Ce3/Zr.  Within this Ce:Zr range the vacancy concentrations themselves 
are more sensitive to the TM.102, 138  Changing the TM varied the reforming rates by an order of 
magnitude, which was more than obtained by just varying the Ce:Zr ratio.  
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The H2/CO ratios observed here (all <1) show that, for Ni-based REOs at high 
conversion, RWGS takes place.  While a Ce3/La support can result in an active and stable 
catalyst, it is nonetheless impractical for DRM due to higher rates of RWGS and sintering (based 
on the XRD results) and Ce-La phase demixing, all more than in 3:1 and 2:1 Ce-Zr oxides. We 
speculate that other trivalent REO dopants would exhibit similar weaknesses.  The experimental 
results are consistent with the DFT calculations showing that La should surface segregate leading 
to more O vacancies at or near the surface, also in agreement with past experimental findings,108 
and ultimately resulting in phase demixing and sintering, because both pure La2O3 and pure 
CeO2 are more prone to sintering than their mixture.    
The results for Ce3/La also highlight an apparent weakness of the rapid assessment 
method – it cannot immediately identify those catalysts that exhibit high rates of RWGS. 
However, even for such catalysts, the calculated reforming rates from the rapid assessment 
method are reasonably accurate, with a calculated <7% error, after accounting for the relative 
DRM/RWGS ratios and the differences in their heat effects.  
Our results to date lead us to conclude that, in the absence of Co, only Ce:Zr = 3 catalysts 
appear to be entirely stable to long-term deactivation (Table 2.1 and Figure C.1), which 
conclusion for the lower Ce:Zr ratios is consistent with the work of Kiennemann and co-
workers.89  This deactivation takes place through a combination of metal sintering to some zero-
valent aggregates, gradual oxide demixing and loss of surface area, and (less certainly) coke 
formation.  The results in Table 2.1 show that ZrO2 actually increases coking rates for Ni/CeO2-
based catalysts, in agreement with others.14  However, with Co present, the range of potentially 
useful Ce:Zr ratios is expanded and coking suppressed. The estimated coke amounts from TPO 
measurements (Table 2.2) are low for DRM catalysts, and the result for Ni0.24/Co0.24/Ce/Zr is 
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slightly misleading in that it was kept online for 6 days, without deactivation after the first day.  
The obvious conclusion (as Co in Ce-Zr oxides by itself is less active and not as stable) is that 
Co and Ni are interacting, a conclusion reinforced by the TPR results. 
2.4.3. Nature of the TM-Ce Interactions in DRM 
The results suggest strong oxidized metal-Ce interactions, as found elsewhere for Ni-
CeO2 both with and without a second dopant oxide, even under highly reducing conditions,
36, 89, 
102, 107, 135, 147, 164, 167-169 and also for Co-CeO2.
158  The XPS results, in particular Ni 2p peak 
locations and the additional Ce3+ found, are often ascribed to such interactions.102, 147, 164, 167, 170   
The characterization results do not indicate the formation of large metal aggregates (except for 
the 20 wt% Ni catalyst) or bulk NiO, and the DFT results suggest the Ni-CeO2 mixed oxide 
avoids coke formation by preferentially forming C-O bonds after methane activation. Therefore, 
the likely location of active Ni and Ni-Co is in intimate contact with the oxide lattice.  This 
conclusion is consistent with the XPS, Raman, chemisorption and TPR results, but, just as 
importantly, consistent with the reaction behavior after pre-oxidation, and the fact that the DRM 
activity remains constant even while more Ni is being reduced during the first days of reaction. 
2.4.4. Comparison to Other Stable DRM Catalysts 
Nevertheless it is evident by XANES that for Ce-Zr catalysts reduction of bulk Ni is 
taking place during DRM, as also found from in-situ XANES for Ni/ZrO2 and Ni-Co/ZrO2.
95  
Reconciling the XANES and XPS results for the Ce-Zr catalysts requires recognizing the 
limitations of XPS.  In the absence of other peaks characteristic of NiO, the XPS results (Ni 
2p3/2) for Ce-Zr catalysts do not prove the presence of NiO, merely an electron-deficient form of 
Ni in (probably) a different coordination environment.  Bhatia and co-workers suggested the 
increased binding energies resulted from Ni-Co alloying, not Ni2+.170  But as others do not see 
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any shifts in-situ (i.e., the Ni 2p3/2 is exactly where it should be for Ni(0)) at 427°C,
171 or clearly 
see peaks characteristic of both oxidized and reduced Ni,147 a universal explanation for the 
XANES-XPS discrepancy is not available at present.    
We conclude that the active and stable Ni-Co REOs are characterized by interactions 
between Ni and Co, but additional interactions exist between the metals in small aggregates and 
the mixed oxide.  The primary benefits of Co are in generating mixed metal sites characterized 
by lesser rates of sintering and coking (Table 2.1, Table 2.2, Figure 2.5), and which generate 
additional oxygen vacancies (XPS results), above those of the Ce-Zr or Ce-La oxides.  However, 
we have not yet identified specific structures responsible for the stability in DRM of the mixed 
Ni-Co catalysts.  For Ni-Ce-Zr catalysts of similar contents, others have calculated only 40-80% 
Ni reduction by 800°C in H2 TPR,
94, 161, 164 but such calculations are subject to dispute.14  Our 
XANES results show that significant TM reduction does take place for Ce/Zr, but not for Ce/La, 
but in both cases the Ni-Co interactions lead to similar DRM results. 
There have been reports of reduced coking in various reforming processes with supported 





170  But these 
catalysts appear to be different from the Ni-Co-REO catalysts studied here.  Reduced Ni on 
spinel supports is characterized by flat low-index facets of Ni in registry with the spinel,88 with 
some or much of the metal in the spinel.88, 170  On both ZrO2 and TiO2, there are clearly large 
metallic domains on the surface, which for ZrO2 at least leads to noticeable deactivation.  The 
TOF on a per metal atom basis of Ni-Co-TiO2 is low.  And in almost all of these studies the 
reaction conditions were less conducive to coking than ours (e.g., higher temperature and/or 
lower CH4:CO2 feed ratios).  Aw and co-workers, who used catalyst formulations similar to ours 
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(e.g., Ni0.3/Co0.45/Ce4.2/Zr), but on Al2O3 or SiC supports, also found good long-term stability 
(550 h, minimal deactivation), with rates similar to ours at 750°C.174 
But the most active and stable DRM catalysts could be those with Ni-Co supported on 
MgAl2Ox (Ni:Co ~0.73, 3-4 times more active than the best Ce-Zr catalysts).
175  The Ni-Co 
mixture or alloy in these catalysts has been described as electron-deficient, stable metallic 
nanoparticles,176 in accord with the XANES/XAFS/HRTEM work of Wang and co-workers 
(same support), who in particular noted the more electron-deficient state of Ni in Ni-Co catalysts, 
compared to Ni only catalysts.87 This general picture also appears to hold for Ni-Co-CeO2/ZrO2. 
     The behavior of pre-oxidized Ni-Co-CeO2/ZrO2 catalysts suggests that, whatever the 
precise nature of Ni-Co interactions, the DRM active sites are not large crystal zero-valent metal.  
Even when there was a XRD-visible metallic phase, it was small and constituted a minority of 
total metal sites, and the DRM rates of those catalysts without an XRD-visible metallic phase 
were higher.  Interaction with the Ce-Zr or Ce-La supports, leading to smaller metal particle 
sizes and (at least for Ce-La) a higher oxidation state, is therefore seen to correlate with both 
lower coking rates and higher reforming rates. 
2.5.  Conclusions 
1)  Both Ce/Zr and Ce/La oxides with TM additives are active for DRM, activity tied to the 
generation of additional oxygen vacancies in the CeO2 fluorite structure. 
2)  A rapid screening method based on DSC/TGA can identify the best TM additives (Ni, Ni/Co, 
Ru) to REOs based on simultaneous measurement of reforming and coking rates.  The 
DSC/TGA screening method can be completed in at most 3 h, needs only small sample sizes (10-
20 mg), and directly measures reaction rates at differential conditions.  Results from this method 
agree with those obtained using conventional fixed-bed reactors in that a high coking rate 
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measured by the rapid screening method signals deactivation by coking on the longer (days) time 
scale of the fixed-bed reactor experiment, but requires much shorter preparation.   
3)  Using Co with Ni as TM additives (at near 1:1 ratio) results in further Ce reduction to Ce3+, 
and lower rates of catalyst deactivation.  However, Co by itself does not increase the rate of 
DRM, while a pre-oxidation of such catalysts does.  There is strong interaction between the 
oxidized, highly dispersed metal atoms and the neighboring rare earth oxide. 
4)  Ni- and Ni/Co-based Ce-Zr oxide catalysts gradually form detectable (by XANES) zero-
valent metal aggregates.  While some oxide demixing takes place (except for Ce/Zr = 3), the 





CHAPTER 3. ON THE ENHANCED SULFUR AND CARBON 
TOLERANCE OF NI-CO DOPED RARE-EARTH OXIDE CATALYSTS 
FOR DRY REFORMING OF METHANE 
3.1.  Introduction  
Carbon dioxide or “dry” reforming of methane (DRM) is potentially a better way to 
utilize greenhouse gases compared to steam reforming, since two GHGs are consumed and made 
into a useful industrial gas stream of theoretically 1:1 H2/CO, CH4 + CO2→2H2 + 2CO.   
The rationale and basics behind DRM have been reviewed extensively over the years.2, 50, 
177  However, several challenges remain in order to enable large scale implantation of DRM.  The 
high temperatures required (typically >700°C) is one, and relatively fast deactivation of non-
noble metal (mainly Ni-based) catalysts the other.  The former challenge can be addressed by 
application of hybrid technologies such as oxy-steam CO2 reforming (aka “tri-reforming”).  The 
latter challenge has been addressed through alloying of Ni with certain other metals (Co, Mn) 
and/or the application of supports that slow down deactivation.  As the deactivation can be due to 
coking, active metal sintering, or poisoning by sulfur, chlorine etc., or some combination of 
these, no support is at present considered optimal for all feeds.  The two most important methane 
sources, natural gas and biogas, can both contain significant amounts of sulfur compounds (up to 
100 ppm) such as H2S, mercaptans, sulfides and tetrahydrothiophene,
22 all of which can 
eventually lead to catalyst poisoning.  
We have discussed how to design and evaluate catalysts that can minimize coke 
formation and lead to stable catalysts for DRM in previous work.178  It was found that mixed 
rare-earth oxide supports such as CeO2-ZrO2 and CeO2-La2O3 can both lead to low-coking rates 
in DRM, with Ni-based catalysts.  Addition of Co leads to further gains in stability for largely 
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unknown reasons, although Co by itself is not a very active metal for DRM.  This study will 
focus on a comparison of long-term behavior of both, how sulfur-tolerant they are, the Ni-Co 
interactions, and how their final states actually differ greatly.  This last result has implications 
toward the mechanism of DRM that will be exploited further in subsequent work.  Fresh and 
spent catalysts of both types have been characterized by XAFS, CO chemisorption, TEM, and 
XPS. 
3.2.  Materials and Methods  
3.2.1. Catalyst Preparation  
Ce/La mixed oxides were prepared by a templated sol-gel method adapted from previous 
work.54, 110-112, 178  The precursors for Ce and La were (NH4)2Ce(NO3)6 (98+%, Alfa) and 
La(NO3)•6H2O (99.9%, Alfa), which would be dissolved in 96% water/3% methanol/1% 
TMAOH  surfactant (25% in methanol).  The molar ratio Ce/La was 3:1, with a 1/100 wt ratio of 
the oxides in the sol-gel synthesis mixture.  Ammonia solution was used to gradually adjust the 
pH to 10.3 during aging (90°C, 2 d).  After separation and repeated washings, the mixed oxide 
was dried at 120°C overnight and calcined at 500°C with air for 6 h.  Ce/Zr oxides of molar 
ratios from 1:1 to 3:1 were prepared similarly to Ce3/La, except for the final pH (10.5).  The Zr 
source was Zr(NO3)4•H2O (Aldrich, 99%).  
The Ce/La and Ce/Zr oxides were both modified with Ni and/or Co by deposition–
precipitation from 0.3 M urea for 24 h at 90°C. The precursors were Ni(NO3)2•6H2O (Aldrich, 
reagent) and/or Co(NO3)2•6H2O (J.T. Baker, reagent).  After separation and washings, these 
catalysts were reduced in 5% H2/N2 at 750°C for 6 h prior to use.  The catalysts are denoted by 
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their elemental molar ratios (example - Ni0.24/Co0.24/Ce/Zr), which were determined by ICP-
AES analysis after calcination and reduction. 
3.2.2. Catalytic Reactions  
Reaction experiments were conducted in a fixed bed ½” stainless steel tube packed with 
mixed α-alumina and either 0.5 or 0.25 g of catalyst, at 130 kPa total pressure.  Electronic mass 
flow controllers were used to prepare the feed gas mixture (CH4: CO2=1:1).  An online Agilent 
6890N GC-MS was used to analyze the gas composition.  Sulfur was added into the system in 
the form of aqueous dimethyl sulfoxide (DMSO, 12.1 mL DMSO/L) by a Harvard 944 infusion 
pump.  This results in 1 kPa of water in the feed.  It was established that the presence of this 
amount of water in the feed had no effect on the reactions.  Further details of the reaction system 
are given in a thesis.179 
The reforming rates at differential conditions were measured using a DSC/TGA method 
as discussed previously.  The mol fractions of the feed gas mixture were CH4: CO2: N2 = 
0.25:0.25:0.5 (133 mL/min total).  The experiments were performed at six temperatures between 
650-775℃ using a TA SDT Q600 DSC-TGA.  The measured endothermic heat flows were 
converted to fraction conversions using an ASPEN HYSIS® process simulator. 
3.2.3. Catalyst Characterizations  
The morphology and size of Ni:CZO NPs were analyzed by high-resolution transmission 
electron microscopy (HRTEM) at Oak Ridge National Lab using a 200 kV JEOL NEARM 
electron microscope equipped with double aberration correctors, a dual-energy-loss 
spectrometer, and a cold FEG source.  The powder samples were dispersed in ethanol and drop 
casted on a 300 mesh, lacey carbon grid prior to imaging.  The data were analyzed using ImageJ 
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1.50i software.  One sample (Ni0.3/Co0.3/Ce3/La) was analyzed on the JEOL 2011 HRTEM at 
the LSU shared instrumentation facility, using similar procedures. 
The X-ray photoelectron spectroscopy (XPS) spectra of fresh and spent Ni0.5/Ce3/Zr and 
Ni0.3/Co0.3/Ce3/Zr were collected under UHV at the endstation of the 5-m toroidal grating 
monochromator (5m-TGM) beamline at the Center for Advanced Microstructures and Devices 
(CAMD) at Louisiana State University.  The endstation is equipped with an Omicron EA125 
hemispherical electron energy analyzer with a five-channel detector.  An Al Kα X-ray source 
(1486.6 eV) was used and XPS spectra collected in the constant pass energy mode with pass 
energies of 25 eV.  XPS data processing was performed with CasaXPS, version 2.3.1 PR1.0.  
The binding energies were calibrated using the C1s signal (284.8 eV) as a reference.  Other XPS 
spectra were taken at the LSU Shared Instrumentation Facility on a Scienta Omicron ESCA 2SR 
instrument with a 128-channel detector and processed similarly. 
X-ray absorption spectra (both XANES and XAFS) were taken at the LSU Center for 
Advanced Microstructures and Devices (CAMD) HEXAS beamline, using a Ge 220 double 
crystal monochromator. The Ni K edge spectra were collected at room temperature in 
fluorescence mode with a Ni foil calibration standard. Data were processed (background 
subtraction, deglitching, merging of 9 spectra) using Athena 0.8.061.113  
The Ni K-edge XAFS fitting was performed with Artemis 0.9.26.  Five parameters were 
determined, Ni (coordination number), S0
2 (amplitude reduction factor), σ2 (Debye-Waller 
factor), ΔE0 (deviation in E0 caused by structural deviations from an ideal crystal structure) and 
ΔR (deviation in interatomic distance).  The Ni and NiO standards were fit first to get 
information on S0
2 with known coordination numbers and ΔR.  The fitting range in R space was 
1-5 Å and all significant scattering paths were included. 
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3.3.  Results 
3.3.1. Long-term Catalyst Evaluations  
Catalysts from previous work that were found to exhibit low rates of coking and high 
initial activities were tested over longer periods in a conventional fixed-bed reactor at 775°C.178  
No Co-only catalysts are included because these were found to be less active than any Ni-based 
ones.  The activities can be quantified as the product of the GHSV (mL/(g•h), typically 44000), 
and the CH4 conversion, on a molar basis.  For a zero-order reaction, this is the same as the 
average rate of reaction, while for other orders it is close to that.  DRM activities over long 
periods are dependent upon initial pretreatments that affect the distribution of Ni(0)/Ni2+, as 
observed by us and others.178, 180  We chose to standardize on the freshly reduced catalyst, 
although in general partly oxidized catalysts are more active, as shown in Figure 3.1, and give a 
higher H2/CO ratio. 
Catalysts containing both Ni and Co are stable over long periods but as seen the Ni-only 
catalyst undergoes steady if gradual deactivation.  Ni-only catalysts at ratios less than 3:1 Ce:Zr 
are even less stable and not shown here.  Sulfur tolerance experiments were also conducted at 
775℃ with two different amounts of feed sulfur, <1 ppm and 20-30 ppm.  For <1 ppm sulfur, all 
the catalysts tested showed good sulfur tolerance (Appendix D, Figure D.1), either with no 
deactivation (those containing both Ni and Co) or gradual deactivation (Ni-only catalysts). 
However, when the sulfur concentration increased to 20~30 ppm, the only catalyst showing 
extended sulfur tolerance (four days online) is Ni0.24/Co0.24/Ce/Zr.  As shown in Figure 3.2, 
the other catalysts deactivated completely after contacting with sulfur in amounts that 
corresponded closely to the total amount of Ni present.  There were 0.18 mmol Ni in the 
Ni0.24/Co0.24/Ce/Zr load in this experiment.  Using an H2S gas monitor we confirmed that there 
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was unadsorbed H2S in the reactor exhaust, at concentrations consistent with what is formed 
from the breakdown and hydrogenation of DMSO.  But there was also unadsorbed sulfur in the 
exhausts of the catalysts that completely deactivated during these experiments.  After the sulfur 
was removed from the feed, the average activity of Ni0.24/Co0.24/Ce/Zr was 16% higher than 
the initial activity in Figure 3.1. 
 
Figure 3.1. Activities at 775°C of freshly reduced (5% H2, 750°C, 6 h) Ni-based catalysts with 
time on stream. Second data set at higher activity for Ni0.5/Ce3/Zr-2 taken after an intermediate 
oxidation step in air at 800°C.  The Ni-Co catalyst runs were extended for a few more days and 

































Figure 3.2. Activities at 775°C of catalysts shown in Figure 3.1 after the addition of 20-30 ppm 
sulfur fed as DMSO. The fraction conversion of CO2 is denoted by “X”. 
 
3.3.2. Intrinsic Activities  
The observed reforming rates for Ni0.2/Co0.2/Ce/Zr and Ni0.3/Ce2/Zr were measured at 
six temperatures from 650-775℃ from the endothermic DSC heat rate using the procedure 
developed previously.178  The conversions in these experiments are all <5%, so the observed 
rates are characteristic of the initial feed composition.  The activation energies were computed 
from the Arrhenius plots of Figure 3.3 and are shown in Table 3.1 along with the measure coking 























Total sulfur fed (mmol)
Ni0.24/Co0.24/Ce/Zr X*GHSV Ni0.3/Co0.3/Ce3/La X*GHSV
Ni0.5/Ce3/Zr X*GHSV Ni0.15/Ce2/Zr X*GHSV
Ni0.24/Co0.24/Ce/Zr H2/CO Ni0.3/Co0.3/Ce3/La H2/CO




Figure 3.3. Arrhenius plots based on observed rates computed from DSC heat rates. 
 
Table 3.1. Results from low conversion DRM reactions in DSC/TGA 
Composition 
Total 
Activation Energy (kJ/mol) 





Ni0.3/Ce2/Zr 505 1.2E-8 
Ni0.2/Co0.2/Ce/Zr 582 4.8E-9 
Ni0.15/Co0.15/Ce2/Zr 575 ~0 
 
The Weisz modulus was used to estimate the influence of pore diffusion on reaction rates 
in these DRM experiments.  The Weisz modulus (WM) can be expressed as follows:








































Where rvobs is the observed reaction rate per unit particle volume, L the characteristic 
catalyst dimension, CA the concentration at the limiting reactant in the fluid and DeA its effective 
diffusivity in the catalyst particle.  For WM << 1, there should be no pore diffusional limitations.   
In our case, the Weisz moduli (Ni0.2/Co0.2/Ce/Zr) for CH4 and CO2 were calculated as 4.6 E-2 
and 7.6 E-2, respectively, at the highest temperature.179  Therefore the measured rates and 
activation energies in Figure 3.3 and  
Table 3.1 should be intrinsic, i.e., characteristic of the reaction kinetics alone. 
3.3.3. Characterization Results 
3.3.3.1. TEM 
Four samples were analyzed : Ni0.5/Ce3/Zr, Ni0.24/Co0.24/Ce/Zr, Ni0.3/Co0.3/Ce3/Zr 
and Ni0.3/Co0.3/Ce3/La.  These are all spent (used) samples, after long-term runs in the fixed 
bed reactor.  Therefore, there were variable amounts of carbon (coke).  We ignored the 
filamentous coke in the TEM analysis, although such coke was present in TEM images and 
according to EDS.  The Ni0.24/Co0.24/Ce/Zr and Ni0.3/Co0.3/Ce3/La samples were those 
contacted with sulfur-containing feed, and so also probably contain some sulfur. 
TEM and EDS analyses of the spent Ni-Ce-Zr catalysts indicate a wide range of Ni 
particle sizes, with some visible ones being too small to measure. We were able to measure the 
medium- and larger-sized Ni- and Co-containing domains from the EDS maps. An example of 
the EDS maps is shown in Figure 3.4, with other maps shown in Appendix D (Figure D.2-Figure 
D.7).  The results of the Ni and Co domain measurements for five typical maps (minimum 20 
domain measurements) are shown in Table 3.2.  The distributions of all elements appear 




Figure 3.4. EDS maps of a typical spent catalyst particle of Ni0.5/Ce3/Zr, DF = dark field. The 
images not only show the uniformity of the used catalyst but also the prevalence of carbon. 











Table 3.2. Ni/Co Domain Measurements from EDS Maps 
Catalyst Ni Range, nm 
Ni Smallest, 
nm 
Co Range, nm 
Co Smallest, 
nm 
Ni0.5/Ce3/Zr 26  5 19   
Ni0.5/Ce3/Zr 28  24 12   
Ni0.24/Co0.24/Ce/Zr 60  41 7 156  103 59 
Ni0.24/Co0.24/Ce/Zr 40  10 20 81  35 41 
Ni0.3/Co0.3/Ce3/Zr 42  15 12 103  27 55 
 
The Ni0.24/Co0.24/Ce/Zr was exposed to 20-30 ppm sulfur for four days.  Clearly such 
exposure has promoted ripening.  It appears as if Co has little to no role in limiting the metal 
particle size, either in non-sulfided or sulfide samples.  We superimposed Ni and Co maps to try 
to determine if the metals were intimately mixed or alloyed with one another. These results are 




Figure 3.5. Superimposed EDS maps of Ni/Co(Ni blue, Co green) for (L to R): 




We did the same type of superposition for Ce and Zr.  The superimposed maps are shown 
in Appendix D, Figure D.8. These show an even better level of superposition, meaning that there 
is minimal phase separation of the Ce and Zr oxide, in agreement with previous XRD results.178 
Multiple TEM images of three different catalysts at high magnification are shown in 
Figure 3.6-Figure 3.8.  Figure D.9-Figure D.11 of Appendix D show higher magnifications for 
one particle of each catalyst.  In Figure 3.6-Figure 3.8, the planes marked “CeO2” are actually for 
the mixed CeO2-ZrO2 oxide in a distorted fluorite structure.  There is some evidence of 
crystalline Ni/NiO domains in all three spent catalysts. These transition metal domains would 
include Co/CoO because the lattice d-spacings for Co and CoO are so close to Ni and NiO that 
they are undistinguishable by this method.  Some of the evidence for Ni/NiO and Co/CoO is less 
certain, because the prominent (220) plane for CeO2-ZrO2 is close in spacing to both the (111) 
plane for the Ni cubic phase and the (200) for the NiO cubic phase (0.191 nm for CeO2,
183 0.186-
0.192 nm for CeO2-Zr  O2 mixed oxide,
155, 184, 185 0.203 nm for Ni,186 0.209 nm for NiO187).  
Where qualification was necessary it is given in the figures.  However, there are some images 
where NiO is clearly present, because its (111) plane is sometimes visible, with a d-spacing 




Figure 3.6. TEM images for spent catalyst particles of Ni0.5/Ce3/Zr. 
 
In a bright field image, the CeO2-ZrO2 should appear darker than either Ni(Co) or 
NiO(CoO) because the atomic weight of Ce is much higher, which means it absorbs more 
light. The opposite is true for a dark field (DF) image. However, this can be difficult to interpret 
because shading also depends upon differences in particle location (focal length) and (especially) 
differences in sample thickness.  Planes nearer the outer edge of the particles often appear lighter 
in dark field only because such particles are thinner near the outer edges.  Therefore we judge 
identity on the basis of lattice spacings only, using multiple images.  This evidence for Ce-Zr 
mixed oxides suggests a mix of Ni and NiO constituting the larger metal aggregates, but with 




Figure 3.7. TEM images for spent catalyst particles of Ni0.24/Co0.24/Ce/Zr (sulfur treated). 
 
Figure 3.8. TEM images for spent catalyst particles of Ni0.3/Co0.3/Ce3/Zr. 
 
Figure D.9-Figure D.11 show TEM images of typical particles for three spent catalysts.  
What is apparent is that while a range of particle sizes exist, there do not appear to be differences 
in appearance for the particles, other than in how much filamentous carbon is extending from 
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them.  Because these catalysts were used over differing durations (Ni0.24/Co0.24/Ce/Zr the 
longest, for roughly 10 days), it is not surprising that variable amounts of carbon have been 
deposited.  The similarity of the TEM images for different particles suggests that the high 
magnification images shown are characteristic of the materials. 
For the Ni0.3/Co0.3/Ce3/La catalyst, the TEMs show evidence of the mixed oxide and 
some NiO particles. Two typical high magnification images (as high as this machine could 
image) are given in Figure 3.9. The measurable lattice fringes are actually 2 and 3 spacings. 
Most of them are characteristic of the CeO2-La2O3 mixed oxide (111) plane, 0.313-0.318 nm, or 
the (200), 0.275-0.280 nm.112, 134  The observed NiO plane is the dominant (100). 
 
Figure 3.9. TEM images for spent catalyst particles of Ni0.3/Co0.3/Ce3/La. 
 
We measured CO chemisorption at 25°C (Table 3.3) just as a check on the TEM results.  
The results show that significant ripening did indeed take place during the reaction, and that the 
final metal surface aggregates were large, characterized by low dispersion.  For fcc Ni(0), a 1% 
dispersion is roughly consistent with 100 nm spherical particles, assuming a typical Ni atomic 
surface area.188  However, CO won’t adsorb on NiO at 25°C, so the measured dispersions are 
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skewed lower by the presence of some oxidized Ni, the presence of which is suggested both by 
the TEM data above and the XPS and XAFS data below.    
Table 3.3. CO chemisorption results for fresh and spent catalysts. 
Designation, Molar Ratios State % Dispersion 
Ni0.5/Ce3/Zr fresh 7.3 
Ni0.5/Ce3/Zr spent 0.82 
Ni0.24/Co0.24/Ce/Zr fresh 2.8 
Ni0.24/Co0.24/Ce/Zr spent 0.2 
Ni0.2/Co0.2/Ce/Zr spent 0.55 
Ni0.3/Co0.3/Ce3/La spent 0.2 
 
3.3.3.2.  XPS 
O1s XPS results for spent catalysts are shown in Figure 3.10.  The peaks at ~530.5, 531.5 
and 533 eV are attributed to lattice oxygen (Oα), surface adsorbed oxygen such as in O
- or OH- 
(Oβ), and the oxygen in adsorbed water, respectively.
189  The Oβ peak provides information on 
surface adsorbed oxygen into the oxygen vacancies.190  The fitting results are shown in Table 
D.1, Appendix D.  Ni0.15/Ce2/Zr, with the lowest Ni+Co content, gives the lowest Oβ/ (Oα + Oβ) 
ratio.  This suggests fewer vacancies.  The fourth peak at ~535-537 eV, which doesn’t show up 
in the fresh catalysts (spectra in Figure D.12), is likely due to oxygen adsorbed on graphitic 
carbon.191  For Ni0.15/Ce2/Zr, the fourth peak is at 534.4 eV, attributed to the C-O-C group,192 
an assignment which is consistent with a peak at ~286 eV in the C1s spectrum.   
Note that two of the four catalysts in  Figure 3.10 were sulfided, extensively. The spent 
catalysts were not further treated to remove any sulfur. Yet there was no evidence of sulfur in the 




Figure 3.10. O1s XPS of spent catalysts. Solid blue lines are experimental, dotted black lines are 
the deconvoluted spectra, dotted red lines are the linear combination fits, and solid black lines 
the backgrounds. A- Ni0.24/Co0.24/Ce/Zr (sulfided) ; B- Ni0.15/Ce2/Zr (sulfided) ; C-
Ni0.5/Ce3/Zr ; D- Ni0.3/Co0.3/Ce3/Zr. 
 
The Ni 2p 3/2 spectra are shown in Figure 3.11, with the largest peak near 855 eV 
characteristic of Ni2+.  For the fresh Ni0.3/Co0.3/Ce3/Zr catalyst the deconvoluted spectrum 
shows a small peak at 851.6 eV (green dotted line) distinct from the main Ni2+ peak at 855.5 eV 
(orange dotted line) and an uptake satellite peak at 861eV.  The small peak at 851.6 eV indicates 
the existence of some Ni0.  The location of the main Ni2+ peak at 855.5 instead of 853.4 eV (pure 
NiO) indicates that these Ni2+ species were in the Ce/Zr oxide.102, 109, 154, 193  Compared to the 
fresh catalysts, the Ni2+ peaks in spent catalysts shift to an even higher binding energy (~+2 eV), 

















































which suggests an even stronger interaction with the oxide.  However, the peak intensities of 
spent catalysts are much lower, which can be due to either or both particle sintering or coking.  
These intensities are so low that it would be impossible to identify Ni0 from these spectra – even 
the Ni2+ peak is barely visible.  
 
Figure 3.11. Ni 2p 3/2 XPS of fresh and spent catalysts. 
 
Figure D.13 shows the Co2p 3/2 core level spectra of  fresh and spent 
Ni0.3/Co0.3/Ce3/Zr, which can be deconvoluted into three peaks, Co0 at ~778 eV , Co2+ at ~781 
eV and the Co2+ satellite peak at ~786 eV.194  Metallic Co doesn’t have a satellite peak.195,196  
The metallic Co in the fresh catalyst is partly oxidized during reaction, because the first peak 
shifts to a higher binding energy but does not disappear entirely.  Figure D.14 shows the Co 2p 



























3/2 XPS of spent Ni0.24/Co0.24/Ce/Zr.  The prominent peak and its satellite also suggest most 
of the Co is Co2+.  
The C 1s spectra of spent catalysts are shown in Figure D.15. There are peaks at binding 
energies higher than the normal graphitic carbon at 284.8 eV.  For example, for spent 
Ni0.3/Co0.3/Ce3/Zr and Ni0.5/Ce3/Zr there is a strong peak at 288 eV. This peak is assigned to 
the carbonyl group (C=O).197  For Ni 0.2/Co0.2/Ce/Zr, the peak appears at ~289 eV, which can  
arise from carboxylate carbon (O–C=O).197-199  The peak at ~284.8 eV is the most prominent, 
suggesting graphite is still the main form of carbon among all the spent catalysts.  The small 
peak at 283-284 eV reveals the existence of some nickel carbide in spent 
Ni0.24/Co0.24/Ce/Zr.200  The spectrum for Ce 4s partly overlaps with C 1s; the broad weak peak 
at ~291 eV is probably due to multiple Ce 4s peaks.201 
3.3.3.3. XAFS 
XAFS spectra were taken in order to further explore the Ni coordination environment and 
how it changes during DRM.  The spectra of spent catalysts and Ni foil are shown in Figure 3.12.  
The prominent peaks in all spent Ce/Zr catalysts can be assigned to Ni-Ni scattering with Ni in 
its mostly metallic form.  We did not attempt to distinguish Ni-Ni from Ni-Co scattering in the 
fits; the structural and electronic similarities in Ni-Co alloys vs. Ni or Co alone would make this 
difficult if not impossible.  The intensity of these peaks (Figure 3.12) and the regressed 
coordination numbers (shown in Table 3.4) are both less than that of Ni foil, suggesting that most 
of the Ni exists as dispersed clusters where a large amount of Ni is coordinatively unsaturated.  




The Ni-Co-Ce-Zr spent catalysts show less coordinatively unsaturation of Ni than the 
other spent catalysts, or the fresh catalysts (Table 3.4). For all of the others, the amount of 
coordinative unsaturation is significant and outside the uncertainty range of the fitted N-values. 
Because Ni and Co scattering cannot be differentiated in the XAFS, this result supports the 
hypothesis that Ni and Co become more alloyed upon use in the DRM reaction.   
 
Figure 3.12. Fourier-transformed XAFS (circles) and the theoretical fit for the spent Ce/Zr to 



















Table 3.4. EXAFS fitting results for fresh and spent catalysts.a 
Sample State Shell N σ2 (Å2) R (Å) R-factor 
Ni0.2/Co0.2/Ce/Zr Spent 
1st Ni-Ni 11.80.3 0.00630.0003 2.470.002 0.018 
2nd Ni-Ni 5.9 0.0081 3.50  
3rd Ni-Ni 23.6 0.0081 4.31  
4th Ni-Ni 11.8 0.0081 4.84  
Ni0.3/Ce2/Zr Spent 
1st Ni-Ni 11.10.3 0.00540.0002 2.480.002 0.017 
2nd Ni-Ni 5.6 0.0077 3.50  
3rd Ni-Ni 22.3 0.0077 4.30  
4th Ni-Ni 11.1 0.0077 4.85  
Ni0.24/Co0.24/Ce/Zr Spent 
1st Ni-Ni 11.90.4 0.00650.0003 2.480.002 0.026 
2nd Ni-Ni 6.0 0.0086 3.50  
3rd Ni-Ni 23.8 0.0086 4.31  
4th Ni-Ni 11.9 0.0086 4.84  
Ni0.24/Co0.24/Ce/Zr Fresh 
1st Ni-Ni 11.00.3 0.00620.0003 2.480.002 0.027 
2nd Ni-Ni 5.5 0.0085 3.51  
3rd Ni-Ni 22.0 0.0085 4.31  
4th Ni-Ni 11.0 0.0085 4.86  
Ni0.5/Ce3/Zr Spent 
1st Ni-Ni 9.20.3 0.00500.0003 2.470.003 0.032 
2nd Ni-Ni 4.6 0.0076 3.49  
3rd Ni-Ni 18.4 0.0076 4.29  
4th Ni-Ni 9.2 0.0076 4.86  
Ni0.3/Co0.3/Ce3/La Spent 
1st Ni-O 5.50.1 0.00500.0006 2.070.004 0.016 
1st Ni-Ni 11.00.1 0.00640.0003 2.960.002  
2nd Ni-O 7.3 0.0138 3.51  
2nd Ni-Ni 5.5 0.0075 4.29  
3rd Ni-O 22.0 0.0138 4.62  
3rd Ni-Ni 22.0 0.0075 5.15  
aN is the coordination number. σ2 is the Debye–Waller factor, R is the Ni–O or Ni–Ni distance. The uncertainty in 
the structural parameters for the first shell obtained from XAFS fitting were output from Artemis are given for N, σ2 
and R.  
 
A comparison between fresh and spent Ni0.24/Co0.24/Ce/Zr is shown in Figure D.16.  
Both Ni foil and NiO powder have been used as reference spectra. The main peaks in both 
samples can be assigned to Ni-Ni scattering.  However, the fresh catalyst is more coordinatively 
unsaturated, which is consistent with the smaller metallic cluster/aggregate sizes of the fresh 
catalysts suggested by both the CO chemisorption and XPS.  However, all of the Ce/Zr catalysts 
67 
 
remain coordinatively unsaturated to some degree, and to a large degree for the Ni-only catalyst 
(Table 3.4).  The oxidation of the Co during reaction, evident in the XPS results, may have a role 
in reducing the Ni in these catalysts.   
However, the Ni in the spent Ce/La catalyst exhibits a completely different state. Figure 
D.17 shows the XAFS of spent Ni0.3/Co0.3/Ce3/La. The peak at 1.8 Å can be assigned to Ni-O 
scattering and the second major peak corresponds to Ni-Ni scattering. The Ni-Ni peak at ~ 4.8 Å 
has shifted to a slightly higher distance relative to that of NiO powder.  Therefore these catalysts 
present an entirely different and more oxidized structure where most of the Ni remains in the 
CeO2-ZrO2 mixed oxide.  The result (and the Ni-O coordination number) is similar to what has 
been found for active nickel aluminate catalysts180.     
3.4.  Discussion 
3.4.1. Origin of Sulfur Tolerance 
At low sulfur concentrations in the feed, all catalysts tested here are fairly stable.  The Ni-
only catalysts show some deactivation, but they do so even when sulfur is not present (Figure 
3.1), so this is not due to sulfur poisoning.  But in a high sulfur concentration environment (20-
30 ppm), only catalysts where Ni is paired with Co, and Ce with Zr, and the Ce/Zr ratio is high 
(1:1) can survive over the long term (Figure 3.2).  The addition of Co in particular is crucial to 
the sulfur tolerance.  Simpler catalysts such as Ni/Al2O3 deactivate rapidly even in 10 ppm sulfur 
at similar conditions.202  However, Misture et al. observed similar excellent sulfur tolerance for 
DRM using a Ni0.375Co0.375Mg0.25Al2O4 spinel-based catalyst synthesized at 1500°C.
88  They 
hypothesized that the sulfur tolerance is related to the highly oxygen-defective spinel support 
that results after such high temperature pretreatment.  Oxygen defects provide sites for the 
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activation of CO2, which when reduced to CO supplies active oxygens that react with and so 
remove surface carbon.14, 21, 86, 93, 94, 96, 99-101, 107, 147, 203, 204   But such sites could do the same for 
oxidative sulfur removal.  This is only a partial explanation of the origin of sulfur tolerance, 
however, because it cannot explain why Ni0.3/Co0.3/Ce3/La and the Ni-only catalysts 
deactivated completely in a high concentration sulfur environment; the Ce/La support is at least 
as effective in creating oxygen vacancies as Ce/Zr supports,136, 178, 205 and many such vacancies 
in either oxide can be at or near the surface.65, 103-106, 108, 203, 205, 206  It is also unrealistic to expect 
the spinel-based catalysts not to undergo the metal particle ripening and reduction under DRM 
conditions, as observed here.   
Our evidence points to Ni-Co alloying as another key to sulfur tolerance, along with the 
presence of high oxygen vacancy concentrations.  The TEM data suggest that such alloying 
occurs, the XPS data show that much of the Ni migrates or exsolves to larger aggregates, with 
more of the Ni becoming reduced.  The XAFS results confirm that Ni in the metal aggregates is 
closer to zero-valent.  The main difference between the catalysts based on Ce/Zr oxides and the 
one based on the Ce/La oxide is that the latter keeps more of its Ni in at a fully Ni2+ state, and 
there is less exsolved Ni to poison.  The possibility of poorer alloying with the Co in Ce/La oxide 
can also not be excluded.    
The strongest proofs of Ni-Co interaction as an alloy or metal mixture under DRM 
conditions are of course its behavior in the presence of sulfur, the lower coking rates for Ni-Co 
catalysts at low conversion conditions measured both previously178 and in Table 3.1, and the 
lower rates of deactivation in the absence of sulfur (Figure 3.1).  With sulfur present at 20-30 
ppm, Ni-only catalysts deactivate fully at contacting times where the molar amounts of sulfur 
passed over the catalysts is similar to the mols Ni present in the catalyst (Figure 3.2), while 
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certain Ni-Co-Ce-Zr catalysts were stable beyond this limit.  The electronic modifications of the 
Ni in the metal aggregates caused by Co must hinder adsorption of H2S.  The simple experiment 
where we used a sulfur meter to check the breakthrough of H2S to the exhaust showed almost 
three times higher H2S levels for Ni0.24/Co0.24/Ce/Zr than for a Ni-only catalyst.  From Figure 
3.2 it is seen that for this catalyst neither the DRM nor the reverse water gas shift activities of the 
catalyst were affected.  We also confirmed that coking was less in these runs, because standard 
temperature-programmed oxidation with air gave only 0.16 mg carbon/mg catalyst in 10 days 
total usage, while Ni0.5/Ce/Zr accumulated 0.34 mg carbon/mg catalyst in 5 days. 
3.4.2. What Are the Active Sites for DRM? 
The characterization results do not present a simple consistent picture on where the active 
DRM sites are.  While there is no doubt that there are large Ni/Co metal aggregates present in 
spent catalysts, and while it appears that in these aggregates the Ni is close to its zero-valent 
form on a Ce-Zr support (although less so on a Ce-La support), nevertheless the relevance of the 
large aggregates to the DRM reaction is questionable.  XPS indicates little Ni(0) present in the 
fresh catalysts, which is consistent with previous XRD work.178  The only Ni present is either 
Ni2+ doped into the oxide lattice (most of it) and Ni present in smaller crystallites.  We know 
these initial aggregates are much smaller both from the XAFS results (for Ni0.24/Co0.24/Ce/Zr), 
showing extensive coordinative unsaturation in the fresh catalyst (Table 3.4), and the CO 
chemisorption results.  But the catalysts are almost immediately active – in the DSC/TGA low 
conversion tests they are within 10% of full activity in 30 min or less, and this is the time over 
which the surface intermediates build to their steady-state values, as determined by the weight 
changes.  Combined with the positive and long-lasting effects of pre-oxidation on catalyst 
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activity (an example of which is shown in Figure 3.1), this time is probably associated with slight 
changes in metal oxidation states starting from the freshly reduced catalysts. 
The evidence therefore suggests that the active sites for methane activation must either be 
interfacial Ni-metal sites or those present in the small metal aggregates present at the start of the 
reaction, and that the active sites are more coordinatively unsaturated than bulk Ni metal and 
stabilized by the oxide.  Smaller aggregates would contain a much higher percentage of sites at 
the rare-earth oxide interface.  This conclusion is in broad agreement with the work and 
mechanistic proposals of others on both similar108, 147, 204, 207-209 and dissimilar210, 211 DRM 
catalysts.  While both CH4 and CO2 activation can also take place on a Ni-only catalyst if 
different oxidation states of Ni are initially present, such catalysts are incapable of long-term 
stability on practical feeds.35  Figure 3.13 (adapted from Figure 8, Liang et al.212 with 
permission) summarizes pictorially how and where the activations of the two reactants take 
place. 
 
Figure 3.13. An illustration of carbon buildup on a catalyst (coking) with removal through 





3.4.3.  Is There Kinetic Evidence That the Oxide Sites Are Involved in DRM? 
In Section 3.4.1 we summarized the evidence for how defect (oxygen vacancy) sites in 
the rare earth oxides could participate in the mechanism through activation of CO2.  If this 
supposition is true, then there should be a significant difference in overall activation energy 
between catalysts where such vacancy formation is likely, and other DRM catalysts.  Also, 
because the activation of CO2 or the desorption of CO in the simpler catalysts is considered a 
kinetically slow step,35, 210 the observed activation energy (E) for the catalysts with higher 
vacancy concentrations should be lower.  We note that DFT calculations estimate the activation 
energy to dissociate CH4 as 124 kJ/mol on CeO2 (111), but by the same methods -59 kJ/mol on 
Ni-doped CeO2 (111). 
The E’s over several different DRM catalysts are shown in Table 3.5.  The E’s for our 
catalysts are between 50-58 kJ/mol (Table 3.1).  From these data, two different groupings are 
evident, high (>104 kJ/mol) and low (<80 kJ/mol) ranges.  What looks to distinguish these 
ranges is that the former was determined for catalysts either without the capacity to generate high 
oxygen vacancy concentrations, or where the temperature range was too low to do so.  This 
suggests that the support’s ability to activate CO2 independently of the transition metal sites is 

































67-79 101.3 580-780 1:1 Ni/CeO2-ZrO2  
14 
54.5,56.4 110 650-750 1:0.75- 1:2.5 5Co–15Ni/Al2O3  
12 
46.7-46.9 110 650-750 1:0.75- 1:2.5 Lanthanides / Co–Ni/Al2O3  
93 
105 100–1500  550-750 1:1 Ni/MgO 213 
41.4-48.9 101.3 550-800 1:1 Ni−Ce−Al Oxide 214 
32, 32.5 100 650–850 1:1, 1:2 Ni0.75Mg0.25Al2O4 
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3.5.  Conclusions 
1)  Extended sulfur tolerance in Ni-based DRM catalysts at the 20-30 ppm level can be attained 
by the addition of Co, and supporting the metals on mixed rare earth oxides such as Ce-Zr oxide, 
that exhibit high concentrations of oxygen defect sites.  Extended sulfur tolerance at <1 ppm is 
possible with both Ce-Zr and Ce-La oxides, and without Co.  
2)  In catalysts containing both transition metals, at least some of the Co is alloyed with the Ni.  
The combination reduces the rate of coking even further, to the point that there is almost no 
observable coking rate. 
3)  While large Ni/Co aggregates (with the Ni nearly zero-valent) are formed during long-term 
DRM reaction, and are present in spent catalysts, these are spectators.  Interfacial sites closely 
associated with the mixed oxide, and exhibiting some coordinative unsaturation, are the reaction 
loci for methane activation. 
4)  Activation energies measured over a wide temperature range at low conversions support the 
hypothesis that CO2 activation takes place at the oxide interface. 
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5)  While CeO2-La2O3 mixed oxide is a good support for Ni-based DRM catalysts in the absence 
of sulfur, the relatively lower Ni surface concentrations limit its utility when sulfur is present in 





APPENDIX A. EXPERIMENTAL PROCEDURES – REACTOR TESTING 
A.1.  Dry Reforming Experiments 
A schematic of the reactor system is shown as Figure A1.  It includes four electronic 
mass flow controllers to prepare the gas mixture, a Harvard 944 infusion pump to supply a 
water/dimethyl sulfoxide (DMSO) solution from a calibrated syringe, a ½” stainless steel reactor 
tube packed with α-alumina and either 0.5 or 0.25 g of catalyst, and an online Agilent 6890N 
GC-MS to analyze the gas composition.  The reactor tube is heated by a furnace (Teco F-5-1000, 
320 watt) whose temperature was controlled by a Eurotherm 818P PID controller. Additional K 
thermocouples are placed on heated lines carrying the gases to and from the reactor. The 
sampling valves (GSVs) inside the GC are Valco 10-port; the switching valves outside the GC 
are Valco 6-port and 8-port. 
 
Figure A.1. Schematic of reactor system for DRM. Position 0 is for normal operation and 











After the DRM experiments, the reactor was cooled in flowing N2 and the catalyst 
isolated immediately for use in post-mortem characterizations. The sulfur was supplied to the 
reactor in the form of aqueous DMSO (12.1 mL DMSO/L). The solution was injected into the 
feed line from a calibrated 5 mL Hamilton syringe using a dual infusion/withdrawal pump 
(Harvard Apparatus, Model 944). The lines were heated above 100°C so that the solution would 
be gasified. It was verified that the DMSO decomposed in the reactor to a mixture of H2S and S 
in the reactor by testing the exhaust for H2S/sulfur, using  a sulfur analyzer (Industrial Scientific 
TMX412).  
A.2.  Reactor Operating Procedures  
1.  Load catalyst from the bottom. Fill bottom and top of reactor with -Al2O3 and quartz wool. 
2.  Purge the system with N2 at least for 10 min.  
3.  Bring the reactor temperature to the target, and all feed and product lines above 100°C. 
4.  Pretreat the sample with either N2, 5%H2/N2 or Air overnight. 
5.  Purge the system with N2 again at least for 10 min. 
6.  Bring the reactor temperature up to the operating temperature. 
7.  Switch from N2 to the reaction feed. Gas flows are controlled and measured by the mass flow 
controllers, with flow rates recorded using the LabVIEW software. The total outlet flow rates 
were measured by bubble meter. 
8.  Inject water or aqueous DMSO into the system from the syringe pump, if desired. 
9.  Set up a GC sequence to take samples automatically. 
10. Switch the reacting gases to N2 after the experiment finished. Turn off the syringe pump and 
lower the temperature for the reactor and lines. 
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A.3.  TGA/DSC Experiments – Calculating Conversions and Rates 
Taking the DSC data at the endothermic plateau, we can estimate the fractional 
conversion of CH4 and its rate of DRM.  The following approximation was made: reforming 
reaction >> (sum of coking and reverse water-gas shift reactions).  The fraction conversion 
equation is: 
Calculated heat flow = ∆𝐻𝑅 × 𝐹𝑖𝑛,𝐶𝐻4 × 𝑋𝐶𝐻4 
where ΔHR is the enthalpy change for DRM, and Fin,CH4 is the molar flow rate of the inlet CH4. 
Calculations for XCH4 and all thermodynamic calculations were performed in ASPEN-HYSYS
®.  
The XCH4 was varied until the calculated heat flow matched the experimental (DSC) heat flow. 
From ASPEN-HYSYS, the endothermic heat effect for DRM at 660-800°C was estimated as 7.2-
7.5 times that of the heat effect for the reverse water-gas shift (RWGS, also endothermic but far 
less so), further justifying the approximations. Since the conversions are small, the differential 
approximation applies and the initial reforming rates (r_reforming, in mmol/(mg•h)) can be 
calculated as follows: 
𝑟_𝑟𝑒𝑓𝑜𝑟𝑚𝑖𝑛𝑔 =
𝐹𝑖𝑛,𝐶𝐻4 ×  𝑋𝐶𝐻4 
𝑤𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 
The coking rates (r_coking, mg coke/(mg•h))are calculated as follows: 
𝑟_𝑐𝑜𝑘𝑖𝑛𝑔 =
∆𝑤𝑡  
∆𝑡 ∗ 𝑤𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 
where Δwt is the weight change of the catalyst measured after the first hour of the experiment 




A.4.  Flow Controller Calibration 
N2 (Tylan General FC2979MEP5): y = 20.051*x-1.1995 R=0.9938 
CO2 (Aera FC 7700C): y =15.361*x+1.22 R=0.9922 
CH4 (Unit UFC 1200A): y = 46.775*x+2.8237 R=0.9915 
y: Flowrate in mL/min; x: Voltage in Volts 
A.5.  Gas Chromatographic Analysis 
The gas samples taken after the reactor were analyzed by an Agilent 6890N GC/MS. 
Three 1/8” molecular sieve columns Wasson K1 (6 ft), K2 (7 ft), and K2S (2 ft) in series were 
used to separate hydrogen from the rest of the gaseous mixture, with the H2 analyzed by a 
thermal conductivity detector. A 1 mL sample was injected using N2 as the carrier gas. A 
pressure regulator set at 30 psig controlled the flow of carrier gas in the columns. Another 1 mL 
sample was injected into a 0.53 mm, 50 m capillary column (Wasson KC080) to separate N2, 
CO, CO2, CH4 and water, also analyzed by a thermal conductivity detector. Helium was the 
carrier gas, controlled by the back inlet electronic flow controller. A third sample was injected 
(as needed) to a 100 m, 0.25 mm Wasson KC066 column which separated all components and 
fed the MSD, which was used for qualitative confirmation of the components. Helium was the 
carrier gas, controlled by the front inlet electronic flow controller. The oven program and TCD 
details are provided below. GC calibration factors and retention times are presented in Table A1. 
A screenshot of a typical separation is shown as Figure A.2. 
Front Inlet – Split; 120°C; P: 4.5 psi; column flow 0.5 mL/min; total flow: 7.8 mL/min; split ratio 
= 10:1; split flow = 4.8 mL/min 
Back Inlet – Split; 120°C; P: 7.4 psi; column flow 5.4 mL/min; total flow: 79 mL/min; split ratio 
= 13.1:1; split flow=70.4 mL/min 
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Front Detector – TCD; 200°C; 16.5 mL/min ref. flow; 11 mL/min makeup flow; Gas = He 
Back Detector – TCD; 200°C; 20 mL/min ref. flow; 3 mL/min makeup flow; Gas = N2; Negative 
polarity 
GC Oven Program – Initial Temp = 30°C; Initial time = 7 min; Rate1 = 10°C/min to 100°C; 5 
min hold; Rate2 = 10°C/min to 130°C; 16 min hold 
Post Temp= 30°C; Post Time = 15 min; Total run time = 38 min 
Packed Auxiliary Oven Temperature Program – Initial Temp = 50°C; Initial time = 5 min; Rate1 
= 10°C/min to 120°C, hold 11 min; Rate2 = 10°C/min to 50°C 
Chase heater – 100°C  
Injector (GSVs) oven – 200°C  
Table A.1. GC Calibration Factors and Retention Times 
Component GC Factor mol(μmol)/area(MM)1 Retention time (min) 
CO 0.46 3.6 
CO2 0.42 8.9 
N2 0.50 3.5 
CH4 0.60 4.3 




1These are the final GC factors.  The system was re-calibrated twice in four years. 
2This is the retention time for the packed columns. 
 
The component identities and calibration factors were determined by injection of a series of 





Figure A.2. Chromatograms of a typical separation. Top is for the capillary column to the front 
detector; bottom is for the packed columns to the back detector.   
 
A.6.  Estimation of Weisz Moduli 






Where rvobs is the observed reaction rate per unit particle volume, L the characteristic catalyst 
dimension, CA the concentration at the limiting reactant in the fluid and DeA its effective 
diffusivity in the catalyst particle.  For WM << 1, there should be no pore diffusional limitations. 
WM was calculated based on the results for the oxidized Ni0.2/Co0.2/Ce/Zr catalyst.  As 
this was one of the more active catalysts (Ch. 2, Table 2.1), and as all of the catalysts were made 
from similar batches of the rare-earth oxides with similar particle sizes, the WM results shown 
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here are characteristic of all active catalysts.  Particle sieving established the weight-average 
spherical diameter (dp) as roughly 200 m.  For spheres, L = dp/6.  The partial pressures of CH4 
and CO2 were both 26 kPa (51 kPa N2) and the temperature of the DSC/TGA experiment 750°C.  
From these, the diffusivities of CH4 and CO2 could be computed by the Chapman-Enskog 
equation. 
DCH4 = 1.7 x 10
-4 m2/s 
DCO2 = 1.3 x 10
-4 m2/s 
For the catalyst, the skeletal densities of CeO2 etc. were weighted to give 6.56 g/cm
3.  
The surface area and pore volume prior to use were 22 m2/g and 0.14 cm3/g, respectively.  From 
these the porosity () was computed (0.48), and the average cylindrical pore size (1.3 x 10-6 cm), 
and to determine effective pore diffusivities the standard equation was used: 
Dej = Dj / 
where Dej is the effective pore diffusivity of component j, Dj is the combined (bulk – Knudsen) 
diffusivity of component j, and  is the tortuosity, which is taken as the random pore result ( = 
3).  The effective diffusivities are: 
DCH4 = 1.5 x 10
-6 m2/s 
DCO2 = 9.2 x 10
-7 m2/s 
The final Weisz moduli are: 
WM,CH4 = 4.6 x 10
-2 
WM, CO2 = 7.6 x 10
-2 
which proves that the rates are not pore diffusion-limited.  Catalysts that aren’t pore-diffusion 
limited can’t be diffusion-limited in the boundary layer, but this was checked in the standard way 
(assuming the Sherwood number at low Reynolds number = 2) and it was found that the partial 
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pressure gradient in the boundary layer could be no more than 0.17% of the bulk concentration 
























APPENDIX B.  DATA PROCESSING DETAILS OF XPS, XANES AND 
XAFS 
B.1. XPS  
XPS data processing was performed with CasaXPS, version 2.3.1 PR1.0. The Shirley 
background subtraction215and Gaussian/Lorentzian peak shapes were applied during the peak 
fitting. The binding energy of all spectra were calibrated using the C1s (284.8 eV) photoelectron 
lines as a reference. During the deconvolution, the peak maximum, full width at half maximum 
(FWHM), peak position and peak area ratio between two peaks in a doublet were constrained.  
For instance, the peak area ratio for Ni 2p1/2:2p3/2 would be constrained to 1:2. Surface atomic 
concentrations was estimated from peak area ratios. Relative sensitivity factors (RSF) were 
provided by the software. 
B.2. XANES AND XAFS  
B.2.1. XANES Fitting 
The XANES data processing was performed with Athena 0.8.061.113 The spectra were 
merged after deglitching to get a better white line and S/N ratio. The normalization step is 
controlled by the value of E0, and the pre-edge and normalization range. The E0 was determined 
as the maximum of the first derivative. The pre-edge range was set to -150 to -30 eV relative to 
E0. The normalization range is >150 eV beyond E0. For the background subtraction, the Rbkg 
(distance in Å for χ(R) above which the signal is ignored) is set to 1. This parameter is used for 
the backgroud subtraction based on a built-in AUTOBK algorithm.  
B.2.2. XAFS Fitting 
The XAFS fitting was performed with Artemis 0.9.26.  ATOMS was used to generate the 
input file for the Feff calculation. The output Feff file contains the crystal structure information 
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such as the normal coordination numbers, effective path lengths, and description of scattering 
paths.  
The XAFS spectrum can be understood in terms of the XAFS equation, which can be 
written as a sum of the contributions from all the scattering paths. For each scattering path, the 










Five parameters can be fit from this equation, Ni (coordination number), S0
2 (amplitude 
reduction factor), σ2 (Debye-Waller factor), ΔE0 (the deviation in E0 caused by structural 
deviations from an ideal crystal structure) and ΔR (the deviation in interatomic distance from the 
ideal crystal structure).  
For Ni K-edge XAFS, the Ni and NiO standards were fit first to get information on S0
2 
with known coordination numbers and distances. The fitting range in R space was 1-5 Å and all 
significant scattering paths were included.  
For the Debye-Waller factors for multiple scattering paths, the following constraints were 
used based on the recommendations of the program. 
Double scattering:  S1S2 = 1.5*ss 
      3-leg (triangle): S1S2 = 0.5*ss + ssa 
                                                    Non-forward linear:  S1S1 = ss2 
             Forward through absorber:  S1+S1 = 2*ss 
                                                   Rattle:  S1 + S1 = 4*ss 
where ss is the Debye-Waller factor of the primary scatterer, and ssa is the factor to the next 
nearest atom. S0
2 varies for different scattering paths as well. For example, for a two-leg Ni 
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atoms scattering path, the S0
2 is estimated as the product of two S0
2 factors for Ni single 
scattering. 
 Table B.1 shows the fitting results for the NiO powder standard. The XAFS plot 
showing the fit is given in Chapter 3.  
Table B.1. Results of fitting analysis of Ni K-edge XAFS for NiO powder standard 
Name N σ2 R 
1st Ni-O shell 6 0.0041±0.0007 2.07±0.01 
1st Ni-Ni shell 12 0.0056±0.0003 2.94±0.002 
2nd Ni-O shell 8 0.011 3.50 
2nd Ni-Ni shell 6 0.0067 4.24 
3rd Ni-O shell 24 0.011 4.63 
3rd Ni-Ni shell 24 0.0067 5.12 
  R-factor:0.02 
The confidence limits on 2 and R are given by the program. Statistical parameters such 
as the R-factor, χ2 (chi squared), and χυ
2 (reduced chi squared) were also provided, and are used 
to examine the goodness of fit. The R-factor is defined as follows: 
R − factor =







The chi squared is the sum of the squares of the differences between the predicted fit and 











where the sum is over each data point in the real and imaginary parts of the Fourier transform, 
Nidp is the number of independent data points in the model fit, which is described by the 




∆𝑘∆𝑅 + 1 
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The Δk is the Fourier-transformed data range, and ΔR is the region of R used in EXAFS data 
analysis. The reduced chi squared was used to comparing the fits for regression models where 
the number of fitted parameters differed. It is the chi squared divided by the number of degrees 






APPENDIX C.  SUPPLEMENTARY INFORMATION FOR CHAPTER 2 
Table C.1. Comparison of reforming rates at >1 h calculated from DSC/TGA results. Samples 
pretreated with either N2 only or 25% H2/N2 at 750°C for at least 6 h, then fed 1:1 CH4: CO2 
(0.25 atm each).  
Designation / Molar Ratios Heat flow (mW/mg) 
 N2 only 25% H2/N2 
Co/Ce9 1.3 2.4 
Co/Ce5 6.8 6.7 
Ni0.12/Ce/Zr 7.1 9.1 
Ni0.2/Co0.2/Ce/Zr 8.9 11.9 
Pd0.27/Ce3/Zr 3.9 6.2 
Ni0.5/Ce3/Zr 6.3 9.2 
Mn0.82/Ce3/Zr 0.99 0.76 
 
 
Table C.2. BET surface areas of spent Pd and Ni catalysts. The initial mixed rare earth oxides all 
had surface areas >130 m2/g, the TM-doped, calcined materials all were >60m2/g.  
















Figure C.1. Activation of freshly reduced (5% H2, 750°C, 6 h) Ni-based catalysts with time on 




Figure C.2. XRDs of freshly reduced, oxidized (800°C, air), and spent Ni0.2/Co0.2/Ce/Zr. Peaks 
marked with filled triangles denote monoclinic ZrO2, filled squares fcc Ni/Co metal, open 
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Figure C.3. XRDs of freshly reduced, oxidized and spent Ni0.24/Co0.24/Ce/Zr. Peaks marked 
with filled triangles denote monoclinic ZrO2, open triangles carbon, filled squares fcc Ni/Co 





Figure C.4. Ce3d XPS of spent Ni0.15/Ce2/Zr. 

















































Figure C.6. Ni 2p 3/2 XPS of fresh (top) and spent (bottom) catalysts. 
  
























La-doped Ceria DFT Results 
Table C.3. Vacancy formation energies (Evac) to remove lattice O atoms from M4Ox to form 
M4Ox-1 + ½ O2 using a periodic bulk unit cell. 
Reaction Evac (eV) 
Ce4O8 → Ce4O7 + 1/2 O2 3.77 
Ce4O7 → Ce4O6 + 1/2 O2 2.94 
LaCe3O8 → LaCe3O7 + 1/2 O2 1.53 
La2Ce2O8 → La2Ce2O7 + 1/2 O2 -0.20 
La2Ce2O7 → La2Ce2O6 + 1/2 O2 2.76 
 
Table C.4. Relative energies of La2Ce30O64 bulk structures, with La dopant configurations 1-5 
illustrated in Figure C.1.Energies are relative to most stable configuration 3.  














Figure C.8. Relative energies of the different La2Ce30O63 bulk structures. La dopant 
configurations 1-5 are illustrated in Figure C7. Labels give O vacancy position relative to the 2 
La dopants. NN and NNN indicate nearest neighbor and next nearest neighbor vacancy 




Figure C.9. Probability of occurrence of the different vacancy configurations in La2Ce30O63 listed 





Figure C.10. Configurations considered for La dopants in a La8Ce24O64 unit cell. 
 
 
Figure C.11. Relative energies of La8Ce24O60 structures. Configurations of La atoms are 
illustrated in Figure C.10.  Energy is relative to the most stable configuration, which is 
Configuration 3 with the vacancies ordered along the face diagonal.  “Clustered” refers to a 
configuration with the 4 O vacancies located near each other and sharing metal atoms, and is 
always found to be least stable.  “Line” refers to the 4 vacancies located across a sequence of 












Table C.5. Relative energies of La2Ce18O39 unit cell. Headings “Surf_Surf” and “Surf_SubSurf” 
refer to the positioning of the La dopants in surface or subsurface layers. Energies are given in 
eV relative to the most stable configuration, with La dopants in the surface and subsurface and 
the O vacancy in the first subsurface layer.  
Vacancy Layer 
Vacancy Position 
relative to La atoms 
Relative Energy (in eV) 
Surface 
 Surf_Surf Surf_subSurf 
NN  NN 0.73  
NN  NNN 0.52 0.83 
NNN  NNN  1.02 
NN  Far  0.43 
Subsurface 1 
NN  NN 0.58 0.64 
NN  NNN 0.18 0.38 
NNN  NNN  0.00 
Subsurface 2 
NN NN  0.80 
NN NNN 0.59 0.62 
NNN  NNN 0.45 0.41 





Figure C.13. Most stable structures of CHx species adsorbed to the Ni-doped CeO2(111) surface 
(A) CH3, (B) CH2, (C) CH, (D) C. 
 











Figure D.1. Activities at 775°C of catalysts shown in Figure 3.1 after the addition of <1 ppm 
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Ni0.5/Ce3/Zr CO2 Conversion*GHSV Ni0.3/Co0.3/Ce3/La CO2 Conversion*GHSV








































Figure D.7. EDS maps of a catalyst particle of Ni0.3/Co0.3/Ce3/Zr. 
 
 
Figure D.8. Superimposed EDS maps of Ce/Zr(Ce green, Zr red) for (L to R): 





Figure D.9. TEM images of typical particles of Ni0.5/Ce3/Zr. 
 
Figure D.10. TEM images of typical particles of Ni0.24/Co0.24/Ce/Zr. 
 
Figure D.11. TEM images of typical particles of Ni0.24/Co0.24/Ce/Zr. 
 
Table D.1. O1s XPS fitting results 
 State Oα Oβ 
Ni0.24/Co0.24/Ce/Zr Spent 38% 62% 
Ni0.15/Ce2/Zr Spent 52% 48% 
Ni0.5/Ce3/Zr Spent 35% 65% 
Ni0.3/Co0.3/Ce3/Zr Spent 37% 63% 
Ni0.5/Ce3/Zr Fresh 30% 70% 






Figure D.12. O1s XPS of fresh Ni0.5/Ce3/Zr and Ni0.2/Co0.2/Ce/Zr. 
 
Figure D.13. Co 2p 3/2 core level spectra of fresh and spent Ni0.3/Co0.3/Ce3/Zr. 
 















Figure D.14. Co 2p 3/2 core level spectra of spent Ni0.24/Co0.24/Ce/Zr 















Figure D.15. Carbon 1s core level spectra of spent catalysts. A- Ni0.15/Ce2/Zr; B-
Ni0.2/Co0.2/Ce/Zr; C-Ni0.24/Co0.24/Ce/Zr; D- Ni0.5/Ce3/Zr; E- Ni0.3/Co0.3/Ce3/Zr 
 
 

























































































Figure D.17. The experimental and theoretical XAFS of spent Ni0.3/Co0.3/Ce3/La. Multi-shell 
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